Physico-Chemical Studies on some Organics as Corrosion Inhibitors by Jamal, Danish
PHYSICO-CHEMICAL STUDIES 
ON SOME ORGANICS AS CORROSION 
INHIBITORS 
SUMMARY 
SUBMITTED FOR THE AWARD OF THE DEGREE OF 
^ 0 t t 0 r a f p i f t l 0 S 0 p ^ g 
BY 
DANISH JAMAL 
DEPARTMENT OF APPLIED CHEMISTRY 
FACULTY OF ENGINEERING AND TECHNOLOGY 
ALIGARH MUSLIM UNIVERSITY 
ALIGARH (INDIA) 
1999 
• ' '-:'•>, 
< . 
• « . , 
,\cc. >5o. 
. . . . * • • < > " • ' INO :^ 
"^h 
' ^/Uo-ii..1 v.. ^ 

y^^'^^orrosion is a major problem in several industries. Both direct and 
/ indirect losses due to corrosion are large and will further increase 
^ ^ - ^ ^ with industrialisation. One of the most important considerations in 
any industry today is the reduction in overall costs of the equipment as well as 
the cost in their protection and maintenance. In India, the monetary losses due to 
corrosion have been estimated as high as Rs. 25,000 crores per year. 
Among the available methods of preventing corrosion, the use of inhibitors 
is one of the most promising methods. Due to ease of application and cost 
effectiveness, the use of inhibitors has increased manifold during the past several 
years. The plant operations of vast magnitudes are dependent upon their 
successful application. But, "one size fit all" philosophy does not work well for 
corrosion inhibitors. Each inhibitor must be tailored to the specific corrosion 
problem that needs solutions. 
Mild steel is one of the most important engineering metals, which due to its 
low cost and excellent mechanical and physical properties is widely used as a 
construction material. But it is severely attacked in acid solution, as it usually 
comes in contact with hydrochloric acid and sulphuric acid during pickling, 
industrial acid cleaning, oil and gas well acidizing, acid descaling and in many 
other industrial/chemical process. Inhibited acid solutions are commonly used to 
prevent metal dissolution as well as acid consumption. 
The research work embodied in the present thesis deals with the study of 
some oxygen, nitrogen and sulphur containing organic compounds as corrosion 
inhibitors for mild steel in IN HCl and IN H2SO4. The techniques such as weight 
loss, potentiodynamic polarization, electrochemical impedance, scanning electron 
microscopy. X-ray diffraction and Auger electron spectroscopy have been used in 
these studies on corrosion inhibition. 
The thesis comprises of three chapters. The first chapter presents a general 
intxodviction, which highlights the economic and technological importance of 
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corrosion. Theories of corrosion have also been described, which help in 
understanding the mechanism of corrosion. Special attention has been given to 
explain the mode of action of inhibitors towards corrosion control. The account 
of various techniques used for investigating corrosion inhibitors has been 
discussed briefly. A survey of the literature on the corrosion inhibitors for mild 
steel in acid solutions has been given. The aims and objectives have also been 
mentioned. 
The description of inhibitor synthesis and the details of experimental 
techniques such as weight loss, potentiodynamic polarization, a.c. impedance, 
scanning electron microscopy. X-ray diffraction techniques and Auger electron 
spectroscopy used in these studies are given in Chapter second. 
The third chapter describes discussion of results obtained from these 
studies. The compounds examined in the present investigation are given in Table. 
Their inhibiting action has been discussed separately in the following four 
sections: 
(i) Acyclic oleochemicals as corrosion inhibitors 
(ii) Heterocyclic oleochemicals as corrosion inhibitors 
(iii) Condensation products of thiosemicarbazide and aromatic aldehydes as 
corrosion inhibitors. 
(iv) Dianils of p-phenylenediamine as corrosion inhibitors 
The results of these investigations revealed that all the acyclic 
oleochemicals inhibit the mild steel corrosion effectively in IN HCl and IN 
H2SO4. Among the studied acyclic oleochemicals, the thiosemicarbazides of fatty 
acids showed better inhibition efficiency than the corresponding hydrazides of 
fatty acids. The higher inhibitive performance of thiosemicarbazides of fatty acids 
may be attributed to the presence of an additional -C = S group and a benzene 
ring as compared to hydrazides. 
3 
Among the heterocyclic oleochemicals, the triazole derivatives of fatty acid 
showed better inhibition efficiency than oxadiazole derivatives of fatty acid. The 
superior performance of triazoles as compared to oxadiazole derivatives can be 
attributed to the presence of an additional benzene ring and 3 nitrogen atoms as 
compared to oxadiazoles which possesses two heteroatoms (O and N) only. 
Among the three different types of fatty acids used viz. undecenoic acid, 
oleic acid and lauric acid, the inhibitors bearing undecenoic acid gave highest 
inhibition efficiency which may be attributed to more coverage of metallic surface 
by undecenoic acid as compared to other fatty acids 
The order of inhibition efficiency of condensation products derived by the 
reaction of thiosemicarbazide with different aromatic aldehydes in both the acid 
solutions at a common concentration of 300 ppm was found to be as follows: 
CTS > BTS > STS > DTS > VTS 
Among the condensation products investigated in the present study, CTS 
has been found to give the best performance as corrosion inhibitor. This can be 
explained on the basis of the presence of an additional - C = C - bond in 
conjugation with azomethine (-C = N-) group. The extensively delocalised TC-
electrons favour its greater adsorption on the metal surface thereby giving very 
high values of inhibition efficiency (> 99%) at a concentration as low as 300 ppm. 
The I.E. values of the dianils synthesized by the condensation of p-
phenylenediamine with various aromatic aldehydes at a common concentration of 
400 ppm in IN HCl and IN H2SO4 follow the order: 
DCAP > DBAP > DDAP > DVAP > DSAP 
The best performance shown by DCAP can be explained on the basis of 
presence of an additional 7i-bond between carbon atoms (-C = C -) in conjugation 
with azomethine (-C = N-) group. The substituents present in DDAP, DSAP and 
DVAP molecules prevented the flat orientation of the inhibitor molecules on the 
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metal surface thereby causing less adsorption and less inhibition efficiency as 
compared to DBAP 
The effect of inhibitor concentration, solution temperature and immersion 
time on I.E. of all the investigated compounds has also been studied. The 
following conclusions have been drawn: 
(i) I.E. of all the compounds increased with increase in inhibitor concentration. 
Maximum IE of all the oleochemicals was achieved at 500 ppm, while in the 
case of condensation products of thiosemicarbazide and aldehydes and 
dianils the maximum I.E. was achieved at 300 ppm and 400 ppm 
respectively, and a further increase in concentration did not cause any 
appreciable change in I.E. 
(ii) I.E. of the studied organic compounds except UAMT, VTS, and CTS 
decreased with increase in solution temperature form 35°C to 65°C. 
Inhibition efficiency of UPTS in IN H2SO4 remained almost unchanged with 
the increase in temperature, whereas the inhibition efficiency of UAMT, 
VTS and CTS in IN HCl increased with increase in solution temperature 
from35°C to 65°C. 
(iii) I.E. of most of the studied organic compounds did not show significant 
change with increased in immersion time from 2- 4 hours. I.E. of fatty acid 
hydrazides except OAH in IN HCl and UAH in both IN HCl and IN H2SO4 
decreased with increase in immersion time, whereas, I.E. of all the 
oxadiazoles of fatty acids increased with increase in immersion period from 
2-6 hors. 
The E, values for all the inhibited systems except for UAMT, VTS & CTS 
was found to be higher than the uninhibited system. The higher value of £» in 
presence of inhibitors than the uninhibited systems showed that inhibitors are 
effective at room temperature and I.E. decreased with increase in temperature. 
The values of free energy of adsorption (AGads) for all the compounds at 
different temperatures (3 5° C - 65° C) were also calculated. The decrease in AGads 
with increase in temperature was observed. This indicated that adsorption of 
inhibitors on to the mild steel surface occurs through physical forces. 
The adsorption behaviour of all the organic molecules on the mild steel 
surface was evaluated by fitting the various data obtained from weight loss study 
to various adsorption isotherms. All the inhibitors obeyed Temkin's adsorption 
isotherm. 
The potentiodynamic polarization studies were carried out at room 
temperature. The polarization behaviour of different series of compounds in both 
hydrochloric and sulphuric acid were studied. All the compounds were found to 
be of mixed type inhibitors except HAMT, which showed predominantly cathodic 
behaviour in hydrochloric acid. 
Selected compounds were studied through a.c. impedance technique in IN 
HCl solution. The values of Rt and Cai were evaluated from Nyquist and Bode 
plots respectively. All the studied compounds showed increased Rt values and 
decreased Cn values in hydrochloric acid solution. 
The better appearance of mild steel surface in inhibited acid solutions than 
in plain acid solutions as evident from Scanning electron microscopic (SEM) 
studies further supported the fact that inhibitors molecules form a physical barrier 
over the steel surface which prevents the attack of corrosive acidic solutions on 
the steel surface. X-ray diffraction (XRD) studies also supported the presence of 
organic layer on the metal surface. The adsorption of inhibitor molecules on the 
metal surface occurred through heteroatoms such as N,S and O atoms was 
confirmed by AES. 
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Designation 
& abbreviation 
Laurie acid 
hydrazide (LAH) 
Oleic acid 
hydrazide (OAH) 
Undecenoic acid 
hydrazide (UAH) 
l-Undecane-4-phenyl-
thiosemicarbazide 
(UPTS) 
l-Heptadecene-4-phenyl-
thiosemicarbazide 
(HPTS) 
l-Decende-4-phenyl-
thi 0 semic a rb azid e 
(DPTS) 
2-Undecane-5-mercapto- 1-oxa-
3,4-diazole 
(UMOD) 
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(HMOD) 
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3-Undecance-4-aryl-5-raercapto-
1,2,4-trizole 
(UAMT) 
3-Heptadecene-4-aryl-5-raercapto-
1,2,4-triazole 
(HAMT) 
3-Deceae-4-aryl-5-mercapto-
1,2,4-triazole 
(DAMT) 
1-Dimethyl aminobenzaldehyde 
thiosemcarbazone 
(DTS) 
1-Vanillin thiosemicarbazone 
(VTS) 
1-Salicylaldehyde thiosemicar-
bazone 
(STS) 
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l-Benzaldehyde thiosemicar-
barone 
(BTS) 
l-Cinnamaldehyde thioseinicar-
bazone 
(CTS) 
I,4-Di (dimethyl aminobenzyledene) 
aminophenylene 
(DDAP) 
1,4-Di (vanilledene) aminophenylene 
(DVAP) 
1,4-Di (salicyledene) aminophenylene 
(DSAP) 
1,4-Di (benzyledene) aminophenylene 
(DBAP) 
1,4-Di (cinnam}iedene) aminopheny 
lene 
(DCAP) 
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PREFACE 
Corrosion is a phenomenon of universal interest. It affects the economy 
of country and causes hazards to the health of human lives, as well. The 
seriousness of the problem has made the corrosion scientists all over the world 
very conscious and active. Prevention of corrosion has become a part of their 
struggle. Numerous methods of prevention have been suggested and among 
them corrosion control through the application of inhibitors has received the 
attention of the scientists to a very great extent, due to the simplicity of the 
method. Being specific to a system this needs thorough consideration. In 
present study, the use of some oleochemicals, dianils and condensation 
products of thiosemicarbazide and aldehydes as inhibitors of corrosion of mild 
steel in acidic environment has been investigated. 
The thesis begins with an introduction highlighting the economic and 
technological significance of the corrosion problem. The forms and theories of 
corrosion have been described to explain its mechanism. Prevention of 
corrosion using organic inhibitors in acid medium has been described, with 
greater emphasis on mode of action of inhibitors towards prevention of 
corrosion. A brief description of different techniques employed for 
investigation of corrosion inhibitors has also been given. The literature on 
organics as acid corrosion inhibitors and oleo- chemicals as corrosion 
inhibitors has been surveyed. 
The synthesis of inhibitors, characterization of the synthesized 
compounds used and the methods employed for the study of the inhibitive 
action such as weight loss method, potentiodynamic polarization, AC 
impedance, surface examinations using Scanning electron microscopy (SEM), 
X-ray diffraction (XRD) and Auger electron spectroscopy (AES) have been 
described in the Experimental part of the thesis. 
The results, obtained from potentiodynamic and weight loss 
measurements have been discussed in various sections in terms of various 
corrosion parameters such as inhibition efficiency, corrosion rate, corrosion 
current, corrosion potential. The values of activation energy and free energy 
of adsorption have also been evaluated. To get more information about the 
mechanism of inhibition selected compounds have been evaluated by AC 
impedance technique. The influence of inhibitor concentration, solution 
temperature, immersion time and molecular structure of compounds on 
corrosion inhibition has also been discussed. SEM, XRD and AES techniques 
have also been used to characterize the surface of inhibited mild steel. A 
plausible mechanism of corrosion inhibition has been proposed. 
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CHAPTER•\ 
^ M Materials rank with energy and information as the resources 
/m /m of mankind. In the ancient days simple materials of 
^ y §r \ , construction, like iron, steel, copper, brass and wood were 
satisfactory for the requirements of simple processes employed. Over the last 
several decades there has been an explosion in the development of high 
technology in the field of communication, electronics, aerospace, nuclear energy 
and defence. This could not have been possible without quantum jumps also in 
the development of material science and engineering. Materials are the backbone 
of civilization. 
Corrosion is defined as deterioration of material due to unavoidable 
reaction with the environment [1]. Almost all metals and alloys which find 
application in both industrial and domestic environments undergo corrosion. 
This phenomenon, a great challenge to mankind, is brought about by either 
chemical or electrochemical reaction, resulting in the conversion of metal into 
its oxidised state. The understanding of mechanism and kinetics of these 
reactions will help in devising ways and means to minimise the loss due to 
corrosion. 
Most metals are thermodynamically unstable under normal atmospheric 
conditions and hence have a tendency to revert back to their oxidised state as it 
is being favoured by thermodynamics. This tendency is the characteristic of 
metals. 
1.1 HISTORICAL BACKGROUND 
Literature shows that corrosion has been predicted as early as in 1800. [2-
4]. Significant contributions by Evans, Uhlig, Wagner, Traud and Pourbaix [5-8] 
laid a good foundation not only for phenomenological developments towards 
understanding corrosion process but also for research and development. 
Trends in corrosion research changed rapidly over the years. In the fifties, 
polarization studies and their applications had been the topic of interest [9-10]. 
In the seventies corrosion research was concentrated on the mechanistic studies 
on metal dissolution, localised corrosion and high temperature corrosion [ I I -
17]. In recent years corrosion research has been diversified into several newer 
fields. Optical techniques have revolutionised the field. Surface analytical 
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techniques play a major role since, tiiey give more insight into the understanding 
of the nature and influence of surface oxides on the corrosion of metals and 
alloys. These techniques are helpful to characterise the thickness, the structure 
and the composition of films. Computers [18-19] and microprocessors [20] find 
application in analysing the corrosion data. 
The ultimate objective of all these investigations is to minimise corrosion 
failures. 
1.2 ECONOMIC IMPORTANCE OF CORROSION 
Losses due to corrosion are so high that it has assumed great economic 
importance throughout the world. It is expected that 25% part of the total 
production of metals and alloys go waste due to corrosion. Technological and 
economic consequences of the wastage of metals and alloys by corrosion can 
not be ignored. A number of reports have appeared from time to time about the 
enormous financial losses in India and other countries of the world. The losses 
due to corrosion, which were modest when process and materials were simple, 
grew exponentially, to the astronomic figure of over Rs. 6,40,000 million per 
year by 1977, amounting for losses equal to about one percent of the gross world 
product [21]. The annual cost of corrosion and of protection against corrosion in 
the United States is currently estimated at $ 170 billion [22]. This tremendous 
cost is less surprising when we consider that corrosion occurs, with varying 
degrees of severity, wherever metals and other materials are used, e.g., one plant 
spends about $2 million a year for painting steel to prevent rusting. 
It is thus obvious that corrosion poses a very serious problem to industries 
affecting both to the cost and the productivity. In fact every industry is facing 
some form or the other of corrosion problem. Even in the industrially developed 
countries like USA and UK, corrosion is posing a very serious problem, which 
can be appreciated by the fact that Canada is spending $1 billion annually to 
control corrosion, while in UK the total loss due to corrosion is of the order o f f 
600 million [23]. 
According to NACE (International) bulletin [24] the annual losses due to 
corrosion in USA were estimated to be more than $ 200 billion. In India the 
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annual losses due to the impact of corrosion has increased to more than Rs. 
25,000/- crores per year. [25]. 
Thus from national economic point of view, it is necessary for scientists 
and engineers to adopt various ways and means to minimise the losses due to 
corrosion. With technological and industrial growth, the use of metals and their 
alloys is increasing very rapidly and any step in the direction of understanding 
the nature of corrosion, its mechanism and the way to control it would be of 
great help to nation's economy. 
1.3 CLASSIFICATION OF CORROSION 
Corrosion has been classified in many different ways as low temperature 
and high temperature corrosion, direct oxidation and electrochemical corrosion, 
etc. The preferred classification is (i). Wet or electrochemical corrosion, (ii) 
Dry or chemical corrosion, 
i. Wet or Electrochemical Corrosion which involves an interface. It can be 
further separated into: 
(a) Separable anode/cathode type: In these cases certain areas of the metal 
can be experimentally identified as predominantly anodic or cathodic. The 
distances of-separation of these areas my be very small, of the order of fractions 
of a millimetre. There is a macroscopic flow of charge through the metal. 
(b) Interfacial anode/cathode type: In this type one entire interface is 
cathode and the other is anode and the charge is transported through a film of 
reaction product on the metal surface. 
(c) Inseparable anode/cathode type: Here the anodes and cathodes cannot be 
distinguished by experimental methods, though there presence is postulated by 
theory, e.g. the uniform dissolution of metal in fused salt non-aqueous solution, 
acid, alkaline, or neutral solutions. 
(ii) Dry or Chemical Corrosion which involves direct chemical reaction of a 
metal with its environment. There is no transport of electric charge and the 
metal remains film free. This would include corrosion in gaseous environments 
when the reaction product is volatile, corrosion in liquid metals, fused halides 
and organic liquids. A general scheme for the classification of corrosion 
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processes is presented separately in the form of a Table-1.1. Various important 
form of corrosion with difinition and examples are summarized in Table - 1.2 
In the present work we are concerned with mainly "Hydrogen evolution 
type" immersed corrosion. Since the mechanism of under water corrosion is 
generally electrochemical in nature, we have to consider the corrosion process 
as being made up of anodic and cathodic components. A simple voltaic 
cell ideally represents the "Hydrogen evolution type" of corrosion in which 
corrosion is a function of the amount of hydrogen evolved; the cathodic reaction 
may be represented as: 
2H* + 2e- — • 2H — • H: 
Hydrogen evolution corrosion is normally associated with acid electrolytes (e.g. 
acid industrial water). 
1.4 FACTORS INFLUENCING CORROSION 
Metals generally occur in the earth's crust as certain stable compounds, 
usually oxides, hydrated oxides or sulphides, some times basic sulphates, basic 
chloride or carbonates, etc. In reducing the "ore" to metallic state, energy must 
be expanded to overcome the affinity between the metal and non-metal. The 
metal thus produced, represents an energy rich state and if, as usually happens 
in service, it is exposed to oxygen and or water, or to sulphur compounds, etc. 
they return to the lower energy state in which they originally occurred through 
the reactions involving drop of free energy i.e. an operation which will occur 
spontaneously. 
Factors like structural features of the metal, nature of the environment and 
the type of reaction that occurs at metal - environment interface, must be 
considered for the understanding of corrosion phenomenon. 
The important factors which may influence the corrosion process are (i.) 
Nature of the metal, (ii.) Nature of the environment, (iii.) Electrode potential, 
(iv.) Temperature, (v.) Solution concentration, (vi.) Aeration, (vii.) 
Agitation, (viii.) pH of the solution, (ix.) Nature of corrosion products and 
(x.) Hydrogen overpotential. 
I 
Eiectrochemical corrosion 
Corrosion 
Chemical corrosion 
I 
Room temperature corrosion 
1 
Elevated temperature 
corrosion 
Uniform corosion 
- Atmospheric corrosion 
-Corrosion l^ mineral 
acids 
1 
Localized corrosion 
I 
High temp, 
oxidation 
1 
Fused salt corrosion 
r 
Chemical factors 
I 
Initiated in the 
metal 
1 
Conjoint action of 
chemical and mechanical fectors 
1 
Initiated in the 
enviroimient 
I 
Mechanical 
process in the 
metal 
1 
T I 
-Intergtanular corrosion 
-Piting corrosion 
-Exfoliation 
- Deallqying 
(a) Dezincification 
(b) Grsqihitization 
- Galvanic corosion 
- Crevice corrosion 
- Filiform corrosion 
- Water line attack 
- metal ion concentration 
cell corrosion 
- Soil corrosion 
- Stress corrosion 
cracking 
- Hydrogen embrit-
tlement. 
-Corrosion fatigue 
Mechanical Mechnical 
action of the action of 
environment solid body 
on the metal 
-Erosion- -Fretting 
corrosion corrosion 
-Cavitation 
corrosion 
Table. 1.1 Classification of corrosion processes 
Table 1.2 Various important forms of corrosion with examples 
S.No. 
1 
2. 
3. 
4. 
5. 
6 
7. 
8 
9 
10. 
11 
Corrosion type 
Dry corrosion 
Wet corrosion 
Uniform corrosion 
Pitting corrosion 
Crevice corrosion 
Galvanic corrosion 
Intergranolar 
corrosion 
Stress corrosion 
cracking 
High temperature 
oxidation 
Erosion corrosion 
Corrosion fotigue 
Definition 
Involving chemical reaction with 
non-electrolytic gas or liquid. 
Corrosion in contacts with 
electrolyte such as aqueous 
solution of sah, alkali and acid. 
Uniform attack of 
electrochemical or chemical 
reaction over the entire surface. 
Localized attack in the form of 
pit. 
Intense localized corrosion in 
shallow holes. 
Dissimilar metals immersed in a 
corrosive media and connected 
electrically 
corrosion occurring in the 
vicinity of grain boundaries. 
Cracking caused by 
simultaneous presence of tension 
stress and particular corrosion 
medium. 
Oxidation reaction with the 
products of fuel combustion. 
Acceleration of corrosion 
because of relative movement 
between corrosive fluid and the 
metal. 
Combmed action of corrosive 
medium and variable stresses. 
Examples 
Corrosion of steel with SO2, 
CO2, O2, etc. 
Corrosion of steel in sea water, 
acids and alkalis. 
Steel immersed in dilute 
sulphuric acid. 
Stainless steel, aluminium alloys, 
copper alloys, and nickel alloys 
immersed in chloride solution. 
The crevices under bold and rivet 
heads. 
Zinc and iron in salt solution. 
Weldments of stainless steel 
Season cracking of brass and 
caustic embrittlement of steel. 
Corrosion of steel with 
combustion products such as 
C02, SO2, O2, etc. 
Corrosion in pumping 
equipment, corrosion in the area 
between bearings and shafts. 
Heat exchanger tubes of 
chemical equipments. 
1.5 THEORIES OF CORROSION 
The corrosion of metals in aqueous solution is an electrochemical process, 
as established in the first half of the 19"* century. Literature survey shows that 
the first paper to explain the mechanism of corrosion, perhaps was put forward 
by Wollaston [26] in 1801. Whitney [27] in 1903, gave the most acceptable 
electrochemical theory of corrosion. The other of old theories such as acid 
theory [28-29] direct chemical attack theory [30] colloidal theory [31-32] and 
biological theory [33] were either proved to form a part of electrochemical 
theory or found to be rarely applicable. 
1.5.1 ELECTROCHEMICAL THEORY 
The electrochemical theory of corrosion is the only theory which is 
universally accepted and is applicable to most of the corrosion processes. 
Most of the corrosion reactions can be separated into two or more partial 
reactions which can be further divided into two classes, oxidation and reduction. 
An oxidation reaction is indicated by production of electrons as given below : 
M ^=^ M^ + e' ...(1) 
This reaction constitutes the basis of corrosion of metals. In a similar 
fashion, a reduction reaction is indicated by the consumption of electrons. For 
every oxidation reaction there must be a corresponding reduction reaction. In 
aqueous solutions, various reduction reactions are possible depending upon the 
system. Some examples of reduction reactions are : 
Hydrogen evolution: 2H* + 2e' —^  H2 (in acidic system) •••(2) 
Oxygen reduction : O2 + 4H* + 4e' —*• 2H2O (in acidic solution) •••(3) 
O2 - 2H2O + 4 e - ^ 40H" (in neutral and 
alkaline solution) •••(4) 
Metal ion reduction : M*"+e" —• M^^°'') ...(5) 
Metal deposition M"^ " + ne" —*. M . . (6) 
Oxidation reactions are known as anodic reactions while reduction 
reactions as cathodic. During the corrosion more than one anodic and cathodic 
reactions may occur. Oxidation- reduction (redox) reactions can be understood 
by the example of corrosion of mild steel in sulphuric acid contaminated by 
ferric ions. Anodic reaction will occur as follows: 
M ^ ^ Mn"" + ne" ...(6a) 
All the component elements of mild steel (e.g. Fe, Mn, etc. ) go into the 
solution as their respective ions. The electrons produced by these anodic 
(oxidation) reactions will be consumed by the cathodic (reduction) reactions. In 
this case, reaction (5) can be represented as follows: 
Fe^^ + e- - • Fe^^ ...(7) 
Removing one of the available cathodic reactions e.g. reaction (7) by removal of 
the Fe^ "^  ions will reduce the corrosion rate. 
When a metal or alloy is immersed in a corrosive environment 
(conductive) different potential zones are developed on the surface of metal or 
alloy due to the presence of different metallic phases, grain boundaries, 
segregates, crystalline imperfections, impurities, etc. This difference in 
potential leads to the formation of anodic and cathodic areas on the metallic 
surface where oxidation and reduction reactions occur, respectively. These areas 
result in the formation of local action cells on the metallic surface. Local action 
cell can also be formed where there are variations in the environment or in 
temperature. The electrode potential is calculated from the Nernst equation: 
„ „ RT, (ox) 
E = Eo +—In-^^—- ...(8) 
zF (red) ^ ' 
where, 
Eo = Standard electrode potential 
R = Gas constant ( 1.98 cal/gm. equivalent) 
F = Faraday constant (96,500 coulombs/gm equivalent) 
T = Absolute temperature 
z = Number of the electrons transferred in the reaction 
(ox) = Concentration of oxidised species (mol/1) 
(red) = Concentration of reduced species (mol/1) 
1.5.2 THERMODYNAMIC PRINCIPLES OF CORROSION 
In most of the cases, metallic state represents the state of high energy. 
Therefore, metals have a natural tendency to react with other substances and go 
back to lower energy state with subsequent release of energy. All Metals show 
decrease in free energy by undergoing reaction with the environment, (except 
noble metals, which are found in native state in nature), Thermodynamic 
stability of chemical compounds is determined by the sign and the change in the 
free energy (AG), when they are formed from simple substances. 
Free energy is the thermodynamic property that express the resultant 
enthalpy of substance and its inherent probability. At constant temperature free 
energy can be expressed as follows: 
AG = A H - T AS ....(9) 
where AG is the change in free energy, AH is the change in enthalpy, AS is 
change in entropy and T is absolute temperature. 
When the reaction are at equilibrium then : 
AG° =-RT In Keq. ....(10) 
Where AG° is standard free energy, R is gas constant and Keq is equilibrium 
constant. The potential of a reaction is related to its free energy (AG) by: 
AG = -zFE ....(11) 
A negative value for the free energy corresponds to a spontaneous reaction, 
whereas a positive value of AG indicates that the reaction has no tendency to 
proceed. The change in free energy accompanying an electrochemical or 
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corrosion reaction can be calculated from a knowledge of the cell potential of 
the reaction. It is the redox potential by which one can predict whether a metal 
will corrode in a given environment or not. 
1.5.3 POTENIAL -pH DIAGRAM 
To overcome some of the limitations of the e.m.f. and galvanic series, a 
system showing the effect of both potential and pH has been evolved by 
Pourbaix in the form of E/pH diagrams. These diagrams, often called Pourbaix 
diagrams or Potential-pH diagrams, are plotted for various equilibria on normal 
cartesian coordinates with potential on vertical axis or ordinate, and pH on 
horizontal axis or abscissa. The diagram takes account of electrochemical and 
chemical equilibria of metals in conjunction with water, and since there are 
several such equilibria for each metal, only one metal can be clearly represented 
on one diagram. Such diagrams, are constructed using electrochemical 
calculations based on solubility data, equilibrium constants and the Nernst 
equation. The potential -pH diagram for iron exposed to water has been shown in 
Figure 1.1. It is necessary to consider the following equilibria before drawing 
the potential diagram for iron: 
Fe 
Fe^^ 
!(0H)3 + 3H^ + 
Fe^^ + 2H2O 
2Fe + 3H2O 
Fe + 2H2O 
HFeOa" + H2O 
Fe^^ +20H-
• ^ — 
^ 
e ^ 
—^ 
V 
—^ 
—^ 
V 
\ 
\ 
N 
_\ 
:^  
s 
\ 
Fe^^ 2e-
Fe^^ ^ 3e-
Fe^^ ^ 3H2O 
FeCOH)^"" +2H* 
FezOs +6H'' + (>Q 
HFeOi ' +3H"' + 2e-
Fe (0H)3 + e-
Fe(0H)2 
Corrosion reaction 
Oxidation reaction 
Precipitation reaction 
Hydrolysis reaction 
Corrosion reaction 
Corrosion reaction 
Precipitation reaction 
Precipitation reaction 
...(12) 
...(13) 
...(14) 
.. .(15) 
. . .(16) 
.. .(17) 
.. .(18) 
.. .(19) 
1.2 
re 
Fc(0H)3 (d) 
I I • I • I I I I 
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Figure 1.1 Pourbaix diagram for Fe-H20 system at 25°C. 
Reactions (12) and (13) and (18) are independent of pH and are represented by 
straight horizontal lines; while reactions (14), (16) and (17) are dependent upon 
pH and potential and are represented by the EH/PH plots by sloping lines. 
Reaction(15) and (19) which only depend on pH are represented by vertical 
lines. Oxygen is evolved above but not below (line "c d") in accord with the 
reaction : 
H2O — • V2 O2 + 2H* + 2e- ...(20) 
Hydrogen is evolved below but to above (line "ab") in accord with the reaction: 
H" • / iH, 
...(21) 
As can be seen in Figure 1.1 the redox potential of the hydrogen electrode (line 
"ab") lies above immunity region along all the pH scale. This means that Fe may 
be dissolved with evolution of hydrogen in aqueous solutions of all the pH 
values. In the pH interval (9.4 -12.5), however, a passivating layer of Fe(0H)2 is 
formed (reaction 20). At higher pH values soluble hypoferrite can form within a 
restricted active potential range. At a higher redox potential in the corroding 
medium, the passivating layer consist of Fe(0H)3 or Fe203, nH20 or Fe203 in 
different situations. Soluble ferrate (Fe04"^) can form in alkaline solutions at a 
very noble potential, but the stable field is not well defined. 
Though the potential -pH diagram is quite useful in showing at a glance 
specific conditions of potential and pH under which the metal will corrode, there 
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are several limitations regarding their use in practical corrosion problems. Since 
the data in potential -pH diagram are thermodynamic, they convey no 
information about the rate of reactions. 
The major uses of such diagram which can be constructed for all metals 
are: 
i. Predicting whether or not corrosion will occur, 
ii. Estimating the composition of corrosion products formed, and 
iii. Predicting environmental changes which will prevent or reduce 
corrosive attack. 
1.6 CORROSION KINETICS 
Corrosion is an electrochemical process, which involves simultaneous 
oxidation of the metal, with accompanying reduction process of reducible 
species. Rates of corrosion reactions are determined by the kinetics of these 
reactions. 
1.6.1 ACTIVATION CONTROLLED REACTION 
The Butler-Volmer equation 
Electrode process are heterogeneous processes and the kinetics depends on 
an electrical variable characterising the conditions at the interface, namely 
metal-solution potential. Since the reaction rate is proportional to current, 
current-potential dependence characterises the kinetics of electrode processes. 
Electrochemical kinetics have been studied since the turn of the century and the 
concept of over voltage (r\), (the difference between electrode potential E" when 
no current flows and E when current flows, i.e. (T] = E - E"*) was introduced by 
Nernst [34] and Caspari [35]. The dependence of over-voltage on the current 
density for hydrogen evolution reaction has been shown to be TI = a + b logi by 
Tafel [36]. Butler [37] gave a kinetic treatment of the reversible electrode in 
which the concepts of the partial anodic and cathodic currents were clearly 
expressed and the current related to r\ through an exponential equation. Erdy 
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Gruz and Volmer [38] deduced the relationship between current and potential for 
the reversible reaction under charge transfer control. Several references may be 
consulted for detailed discussion on the basis of electrode kinetics and 
mechanisms [39-43]. 
The Butler-Volmer equation [44] for electrode kinetics of a single step 
reaction is: 
i = i„ (exp <« ' '^ "^ >^ - exp -((' - «) ' '"•^ ^>) ...(22) 
For multielectron transfer reactions, the electrons can be transferred in a 
single step or in multistep proess. Th Butler-Volmer equation becomes [42]: 
i = io (exp <«' ' '^"'''^ - exp-«' -^'^ ' ''"^^)). ...(23) 
Where aa and ac are transfer coefficients of oxidation and reduction reaction, 
which are given as: 
tta = V/y + rp ...(24) 
and ttc = (n - V) y - rp ...(25) 
where n is the total number of electrons transferred in overall reaction, P is the 
symmetry factor, r is the number of electrons transferred in the rate determining 
step (r.d.s., y is the stoichiometric number, which is the number of times the 
r.d.s. occur for the completion of overall reaction and V is the number of 
electrons transferred before the rate determining step. 
1.6.2 DIFFUSION CONTROLLED REACTIONS 
In a charge transfer process, the transport of an electroactive species from 
the bulk to the metal/solution interface is a necessary step. If this transport is 
the controling step, the reaction is said to be under diffusion control. 
The concentration overpotential for a diffusion controlled reaction is 
given by: 
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7 . = ^ In ( 1 - i ) ...(26) 
r}F h 
where, it = limiting current density. 
1.6.3 MIXED POTENTIAL CONTROLLED REACTIONS 
Wagner and Traud [7] developed the concept of mixed potential controlled 
reactions. As the term implies, it is an irreversible non-equilibrium potential 
formed by mixing the two electrode reactions coupled by a corrosion current. 
The mixed potential is called as "Corrosion Potential". 
1.7 MECHANISM OF CORROSION OF METALS IN 
ACIDS 
The kinetics and mechanism of iron dissolution in acid media has been 
studied by Bonhoeffer and Heusler [45-46] and Bockris et al. [47-49]. Heusler et 
al have measured the anodic and cathodic polarisation curves under steady state 
and transient conditions at different pH values and Fe^^ concentration in the 
bulk solution. From the values of reaction order and Tafel slopes, they have 
proposed a catalytic reaction mechanism. Bockris et al [47-49] investigated the 
kinetics of the Fe/Fe^^ electrode in acid solution using different iron samples. 
The kinetic data obtained, differs from those of Heusler. Therefore, they adopted 
a non-catalytic consecutive iron dissolution mechanism,. Later, many other 
authors have reinvestigated the kinetics of the Fe/Fe^ "*^  system under various 
experimental conditions, but mainly two different sets of steady -state of 
kinetics data have been obtained by fitting either Heusler mechanism [50-52] or 
Bockris mechanism [53-54]. A comprehensive review of the experimental data 
has been published in 1982 [55]. 
Lorenz et al [56] have proposed another mechanism for acid solution 
namely 'halide inhibited mechanism'. 
Therefore the mechanism of metal dissolution in acid media can be 
broadly divided into two types of reaction sequences by Bockeris and Kelly, 
and Heusler mechanism which are given below: 
I. M + H20 
MOHads 
MOH* + H * 
2. M + H2O 
MOHads + M 
M(MOH) +0H-
MOH + H^ 
MOHads + H^ + e 
MOH^ + e 
M^^ +H2O 
MOHads + H^ + e 
M(MOH) (catalyst) 
MOH + MOHads +2e 
M^ + H2O 
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...(27) 
...(28) 
.,.(29) 
...(30) 
...(31) 
...(32) 
...(33) 
1.7.1 METAL DISSOLUTION IN SULPHURIC ACID 
Mechanism of iron [49,57-59], nickel [60-61], tin [62],cobalt [63] indium 
[64], titanium [65-66] and zinc [67] in sulphuric acid solutions have been widely 
studied using various electrochemical techniques. The values of Tafel slopes and 
the electrochemical reaction orders have indicated that iron and nickel exhibit 
both reaction sequences depending on the metallic state while tin showed 
preference for the second reaction sequence and indium and cobalt showed 
preference for the first reaction sequence. In the case of titanium, the value of 
anodic reaction order with respect to [H^]and [804^"] indicated that both [H^] 
and [804^] ions have directly participated in the zinc dissolution reaction. For 
iron in H2SO4, there is only one reference [59] which indicates [804^] ions 
participating in the rate determining step. 
1.7.2 IVIETAL DISSOLUTION IN HYDROCHLORIC ACID 
Mechanism of dissolution of antimony [68], copper [69], gallium [70], 
iron [71-74], nickel [75-76],tin [77], titanium [78], cadmium [79] and zinc 
[74] in hydrochloric acid medium have been studied by many workers. The 
mechanistic parameters such as anodic reaction order with respect to [ H^] and 
[Cr]suggested that both [H^] and [CI] species have directly participated in the 
dissolution reaction of iron, nickel, cadmium and zinc with the formation of 
[MCI H*]ads as an intermediate complex (M = Metal). For other metals such as 
copper, gallium and tin a stepwise mechanism with addition of CI" for each 
sequential step has been proposed based on the stability of complexes. In the 
cases of titanium, initially formed [TiOH"]ads dissociates in stepwise to give 
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Ti^^. Besides, Felloni [80] and Piatti et al [81] have proposed the dissolution 
mechanism of iron and nickel in HCl similar to that of iron in H2SO4 [49] 
Saraby - Reintjes [82] has developed a quantitative theory for the steady -
state dissolution of nickel in acid solution. It differs from the previous 
mechanisms such as Bockris, Heusler and Lorenz mechanisms fundamentally in 
the following four points: 
1 The pH dependence of the current is attributed to the desorption 
of adsorbed hydrogen, 
2. All the anions present in the solution are assumed to participate in the 
formation of adsorbed intermediate. For the more commonly used anions 
in the active region, the order of effectiveness as catalysts is probably: 
Cr > Br- > r > S04^" > C104- > C H J C O Q -
3. The kinetic treatment considers both the first and second electron transfer 
steps as rate determining, and 
4. There is competitive adsorption of all adsorbed species on the electrode. 
For each, a Langmuir isotherm has been assumed to apply. 
The mechanism of iron dissolution in acid media has been explained by 
Mansfeld [83] on the basis of two different retardation mechanisms called 
'interface inhibition and interphase inhibition'. 
1.8 METHODS OF CORROSION CONTROL 
The methods of corrosion control are many and varied. Details of these 
various methods may be found in the extensive literature on corrosion control 
[84-86]. The general classification of corrosion control methods is given in 
Table 1.3. 
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CORROSION CONTROL BY 
r T T T 
Design 
improvement 
Change of metal Change of 
environment 
1 
Change of 
composition 
> '' 
i 
Change of 
microstr-
ucture 
i 
Elimination 
of tensil 
stresses 
> ^  
~ ^ 
Introduction 
of sur&ce 
compressive 
stresses 
N 
Change of 
metal electrode 
potential 
Use of coatings 
for separating 
metal form the 
environment 
1 
Cathodic 
protection 
(i) sacriJBcial 
anodes 
(ii) impressed 
ourent 
1 
Anodic 
protection 
Removal of 
corrosive constituent 
(i) oxygen removal 
(ii) moisture removal 
Use of inhibitors 
(i) chemical pasivators 
(ii) adsorption inhibitors 
(iii) film forming inhibitors 
(iv) vapour phase inhibitors 
change of 
operating 
variables 
(i) temperature 
(ii) velocity 
(iii) pH 
Metallic coatings 
(i) cathodic 
(ii) anodic 
Non-metallic 
coatings 
(i) vitreous 
(ii) cement 
(iii) chemical 
conversion 
(iv) paints 
Table 1.3 Classification of corrosion control methods 
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1.9 PREVENTION OF CORROSION BY APPLICATION 
OF INHIBITORS 
1.9.1 DEFINITION OF INHIBITORS 
The definition of an inhibitor favoured by the NACE is "a substance 
which retards corrosion when added to an environment in small concentrations 
[87] and the recent ISO definition of an inhibitor is "chemical substance which 
decreases the corrosion rate when present in the corrosion system at a suitable 
concentration without significantly changing the concentration of any other 
corrosive agent" [88]. Inhibitors may also be defined on electrochemical basis 
as substances that reduce the rates of either or both of partial anodic oxidation / 
cathodic reduction reaction. 
There is no certain and deifinte way to determine exactly when inhibition 
began to be considered as a separate technology. It has been observed for many 
years that the calcerous coating formed inside pipes carying certain natural 
water is protective of the pipes [89]. From 19*'' century onwards vegetable 
wastes, plant extracts [90-91] were used as inhibitors. Putilova et al [92] have 
reviewed matallic corrosion inhibitors. Reviews on organic inhibitors [93-95] 
and organic sulphur compounds [96] have been published. Several books have 
been published on this subject [97-98]. Besides, the university of Ferrara, Italy, 
conducts a symposium on corrosion inhibition once in five years [99]. All the 
international seminars on corrosion discuss the developments and application of 
corrosion inhibitors [100-101]. Various books on corrosion, review the subject 
in a precise manner [102-103]. These show that the information on this subject 
is extensively available and also shows the importance of this topic. 
1.9.2 CLASSIFICATION OF INHIBITORS 
Inhibitors are classified in different ways. Depending on the environment, 
they are called acid inhibitors, neutral and alkaline inhibitors and vapour phase 
inhibitor. Depending on the mechanism of inhibition they are classified as 
cathodic, anodic and mixed inhibitors. 
According to Putilova [92] inhibitors are of three types : 
19 
Type A: Those inhibitors which function by forming a protective layer on the 
surface of metal come under this type. Inhibitors of this type are commonly used 
and represent the largest class of inhibiting substances. These include many 
organic corrosion inhibitors for steel in HCl and H2SO4 (Pickling inhibitors). 
Type B: This type of inhibitors reduce the aggressiveness of medium towards 
the metal and may be called deactivators of the medium. These include sulphites 
(Na2S03) which retard corrosion on water by combining with dissolved oxygen. 
Type AB: Hydroxides or carbonates of the alkali metals (NaOH or Na2C03) 
are added to water to prevent the corrosion of steel articles by lowering the 
hydrogen ion (H*) concentration. A very thin film of insoluble iron hydroxide or 
carbonate is also formed on metal surface. 
1.9.2.1 ACID INHIBITORS 
This may be further classified into inorganic and organic inhibitors. 
i. Inorganic Inhibitors 
In strong acid solutions, Br", F have found to be effective inhibitors [104]. 
The oxides like AS2O3, SbjOs have been reported as inhibitors in acid media. 
These substances get deposited [103] in the form of metal on iron and increase 
the hydrogen over-voltage and subsequently reduce the corrosion. Recently 
addition of heavy metal ions like Pb^*, Mn^ "^ , Cd^ "^  is found to inhibit corrosion 
of iron in acids. This effects is explained as due to under potential deposition of 
metal ions leading to complete coverage on the iron surface [105]. 
ii. Organic Inhibitors 
A large number of organic compounds have been studied as inhibitors. 
These compounds include alcohols, amines, aldehydes, mercaptans, alkaloids, 
anisidines, sulphur compounds such as thiourea etc. They have an active 
functional group containing N,S or oxygen atom. 
The effectiveness of a large number of organic inhibitors have been 
correlated [106-109] to different factors like chemical structure, substituent 
effect, stearic effect, Hammet constant, molecular weight, carbon chain length, 
basicity (pka), dipole moment, magnetic susceptibility and NMR shift etc. 
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The study of a variety of organic compounds in relation to their different 
aspects of inhibition in different environments has been excellently reviewed by 
Sanyal [110]. 
An organic corrosion inhibitor can be anodic, cathodic or both depending 
on its reaction at the metal surface and how the potential of the metal is affected 
[111]. Generally cathodic inhibitors increase cathodic polarization and shift the 
corrosion potential to more negative values , and anodic inhibitors enhance 
anodic polarization and shift the corrosion potential to more positive values. 
The effectiveness of an organic inhibitor depends mainly on (i.) Size (ii.) 
Carbon chain length (iii.) Bonding strength to metal surface (iv.) Aromaticity 
and / or conjugated bonding and (v.) Nature and number of bonding atoms. 
1.9.2.2 NEUTRAL / ALKALINE INHIBITORS 
These inhibitors include cathodic inhibitors (which increase cathodic 
polarization), anodic inhibitors (which enhance the anodic polarization) and 
mixed or general inhibitors (which act on both cathodic and anodic areas). 
Anodic inhibitors form an oxide or some other insoluble film. Insufficient 
concentration of anodic inhibitor will lead to severe pitting. 
Sodium chromate is one of the most widely used and efficient inhibitors. 
Sodium silicate is generally used in hot water systems. The other compounds 
used in neutral and alkaline media are borates, molybdates and salts of organic 
acids, like benzoates and salicylates. 
1.9.2.3 VAPOUR PHASE INHIBITORS (VPI) 
These are also called volatile corrosion inhibitors. These are used in 
boilers to prevent corrosion in condenser tubes by neutralizing the acidic CO2. 
They are transported to the site of corrosion in a closed system by voltalisation 
from a source. Compounds of this type inhibit corrosion by making the 
environment alkaline. 
These inhibitors usually consist of aliphatic and cyclic amines and nitrites 
with a high vapour pressure. The vapour pressure of these compounds at room 
temperature is usually between 0.1 and 1.0 mm mercury, so that the ihibitor 
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evaporates sufficiently fast to ensure its adequate availability in the vicinity of 
the metal surface, but not so fast that it has disappeared in a few hours or days. 
Typical examples of VPI include dicyclohexylamine chromate and 
benzothiazole for protecting copper, phenyl thiourea and cyclohexylamine 
chromate for brass. Dicyclohexylamine nitrite is said to protect both ferrous 
and non-ferrous parts. 
The inhibitor vapour condenses on contacting a metal surface and is 
hydrolysed by moisture present to liberate nitrite and benzoate ions which in 
presence of available oxygen are capable of passivating steel as they do in 
aqueous solution. 
1.9.2.4 ANODIC INHIBITORS 
The substances which reduce the anode area by acting on the anodic sites 
and polarize the anodic reaction are called anodic inhibitors. In the presence of 
anodic inhibitors, displacement in corsion potential (Ecorr) takes place in 
positive direction, supress corrosion current (Icorr) and reduce the corrosion rate. 
In aqueous acid media, the corrosion of metals takes place at the anodic area 
through metal dissolution. The cathodic reaction generally involves the 
reduction of hydrogen ions or by oxygen reduction to hydroxyl ions. These 
reactions may be represented schematically as shown in Figure 1.2. The curve 
E*corr represents the anodic reaction while E%orr represents the cathodic reaction 
and the point B where both anodic and cathodic reactions intersect corresponds 
to corrosion potential (Ecorr) and corrosion current (Icorr). The substances which 
retard the anodic reaction leads to enhancement of anodic polarization. In this 
situation, anodic curve becomes E%orr (Figure 1.2a) and the current Tcorr 
corresponding to 0 is less than Icorr (corrosion current in the absence of the 
inhibitors) and the rate of corrosion is decreased. Anodic inhibitors which 
causes a large shift in the corrosion potential are called passivating inhibitors, if 
used in insufficient concentrations, they casue pitting and sometimes an 
increases in corrosion rate. With careful dosage control, anodic inhibitors are 
frequently used because they are very effective in sufficient quantities. Anodic 
inhibitos casue passivity by speeding up the corrosion reaction to the extent that 
the anodes are polarized to a passive potential. If corrosion of a metal or alloy is 
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Figure 1.2 Mechanism of action of corrosion inhibitors based on polarisation effects. 
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controlled by the anodic reaction (anodic control), it is abvious that decrease in 
overall corrosion should be proportional to the portion of the anodic areas being 
polarized. On the other hand, if corrosion is controlled by the cathodic reactions 
(cathodic control), the corrosion current and , therefore, the total amount of 
corrosion is not affected by decreasing the anodic areas. In this case, the same 
amount of corrosion must be distributed over a smaller anodic area, resulting in 
intensified localized attack (pitting type of corrosion). 
The inhibition mechanism of the anodic corrosion inhibitors has been a 
matter of long dispute and there have been two points of view advance to 
explain their action. One supports the formation of protective insoluble film on 
metals in the presence of the inhibitors while the other can be understood in 
such a way that the inhibitors get adsorbed by specific force interaction or 
through chemisorption on the surface of metals. 
i. Protective Film Mechanism 
It has been observed that most of the potassium and sodium salts 
containing anions act as anodic inhibitors by forming asparingly soluble salt 
with the metal. Hoar and Evans [112] have shown that chromates react with 
ferrous ions and precipitate an adherent protective film of hydrated ferric and 
chromic oxides on the anodic areas. It has been shown that durig the inhibition 
of corrosion by sodium hydroxide [113], orthophosphate [114] nitrite [115], 
chromate, [116] and other anodic inhibitors like sodium carbonate, acetate, 
bonzoate and molybdate [117] in aerated solutions, there occurs the formatoin of 
an invisible protective thin film by y - Fe203. 
ii. Adsorption Mechanism 
According to Uhlig [118], for inhibition, oxide film formation is not 
necessary ; primary inhibition by chromates and other oxidizing inhibitors is due 
to physical and activated adsorption-chemisorption, through which valence 
forces of the surface metal atoms are satisfied. These views were confirmed 
from the measurements of electrode potential as well as the measurements of 
residual activity of an iron sample immersed in radioactive chromate solution 
and subsequently washed thoroughly with distilled water [119-121]. Later on, it 
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was found that anions adsorbed at the oxide solution interface were responsible 
for inhibition rather than the formation of metal oxide film [121]. 
1.9.2.5 CATHODIC INHIBITORS 
Those substances which reduce the cathode area by acting on the cathodic 
sites and polarize the cathodic reactions are called cathodic inhibitors. They 
displace the corrosion potential (E%orr) in the negative direction and reduce 
corrosion current, thereby retard cathodic reaction and suppress the corrosion 
rate (Figure 1.2b). In this situation, the point of intersection is at 0 and 
corresponding corrosion current (I'corr) will be lower than that without inhibitor 
(•Icorrj-
The cathodic inhibitors, with a few exceptions [122] do not lead to 
intensified or localised attack, since, cathode areas are not attacked during 
corrosion. If corrosion is controlled by cathodic reactions, the added cathodic 
inhibitor would decrease cathodic area and hence over all corrosion rate. On the 
other hand, if the corrosion is controlled by anodic reaction, decrease in 
cathodic area would increase cathodic current density but will have no effect on 
the nature of corrosion. The increase in cathodic current density may cause the 
reduction of substances present which would not otherwise be reduced. Mann et 
al [123-125] and other investigators [126-129], working on numerous organic 
inhibitors in acid media have proposed that inhibitors exist in onium structure 
and get adsorbed on the cathodic areas of the surface by force of physical 
adsorption, and chemisorption. In contrast, Bockris and Conway [130] have 
claimed that the action of cathodic inhibitors is due to an increase of the 
hydrogen over voltage rather that that by an adsorbed inhibitor film on the metal 
surface. The cathodic inhibition due to the general adsorption of the inhibitors 
on the metal surface remains, however the most accepted theory [131-132]. 
Like anodic inhibitors, cathodic inhibitors are not dangerous but safe, 
when present in solution in insufficient quantities and involve no additional 
risk of pitting attack. 
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1.9.2.6 MIXED INHIBITORS 
There are a number of chemicals which inhibit the metallic corrosion by 
interfering with both the anodic and cathodic reactions and are called mixed 
inhibitors. This type of inhibition can be represented by Figure 1.2c. The anodic 
and cathodic reactions are represented by E'"corrA and E^corr C respectively and 
corrosion current I^corr in piresence of such type of inhibitors is considerably 
less than that in their absence. Glue Gelatin and other high molecular weight 
substances fall in this category. It is believed that the action of such type of 
inhibitors at the metal-liquid interface is due to their concentration or 
coagulation providing a shield to the metal surface. Machu [133-134] claims 
that their action is mainly due to formation of porous layer which increases the 
electrical resistance of the surface layer. 
1.10 SYNERGISM IN INHIBITION 
"Synergism" is the term applied to the marked reinforcement of the 
inhibiting action of tone inhibitor by the addition of small amounts of a second 
inhibitor, even though the second inhibitor is less effective when used alone. 
The inhibition efficiency of acetylenic compounds has been greatly 
improved when combined with amines or thio compounds [135]. 
It was shown by Foley [136] that tetraisoamyl ammonium sulphate has 
little influence on the dissolution of iron in 4N sulphuric acid. However, when 
0.005N KI was added, the organic cation is adsorbed reducing the double layer 
capacity and the dissolution of iron is very much decreased. 
Quraishi and coworkers [137] have studied the synergistic effect of 2-
amino-6-chlorobenzothiazole on inhibitive performance of propargyl alcohol on 
mild steel in 15% boiling HCl and found that a combination of these inhibitors 
gave > 99% inhibition efficiency. 
1.11 THEORIES ON INHIBITION 
The inhibitive action in acidic media has been explained by the theory of 
adsorption and / or the film formation. 
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1.11.1 ADSORPTION THEORY 
Machu [138-139] had put forward the adsorption theory for corrosion 
inhibitors which predicts the formation of a porous layer of the inhibitive 
substance with high electrical resistivity an essential characteristic of corrosion 
inhibitors. 
The adsorption of inhibitors on the metal surface using electron 
diffraction technique was studied by Hackerman et al [140]. The studies of Hoar 
[141] and Hackerman [142-143] lent support to the adsorption theory. The polar 
type inhibitors are adsorbed preferentially at the metal surface to limit the 
access of water and other corrosive materials. Machu and Marcos [144] have 
stated that only energetic conditions of metal surface is important and not the 
charge on the inhibitor adsorbed. Fischer [145] has presented an exhaustive 
review on the adsorption phenomena of the corrosion inhibitors. 
Supporting the theory of adsorption, Riggs [146] proposed that in organic 
inhibitors the adsorption depends on the chemical nature of the inhibitor 
molecule, the environment, the nature of the metal surface and the 
electrochemical potential of metal/solution interface. The adsorption can be 
classified as: 
i. Electrostatic Adsorption 
The electrostatic adsorption is the result of electrostatic attractive forces 
between inhibiting organic ions or dipoles and the electrically charged surface 
of metal. The surface charge can be defined by the potential of metal (Ecorr) vs 
its zero charge potential PZC or (Eq = o) [147]. The adsorption of organic 
inhibitor depends on the sign and magnitude of 'rational' corrosion potential '<j)' 
(^ = Ecorr - Eq=o) and on the sign of the charge on the inhibitor molecule. 
Adsorption of cationic compounds requires a negative '<j)' potential, whereas, a 
positive '(|)' potential is required for adsorption of anionic compounds. It has 
been shown for nitrogen containing compounds that the inhibitor efficiency for 
iron in acid is higher when the '(|)' potential is more negative [148]. The 
electrostatic alloy adsorbed organic molecules can easily be removed from the 
surface since it has a low activation energy and it is independent of temperature 
[149]. 
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ii. Chemisorption 
Chemisorption of an organic molecule involves a bonding between the 
metal and adsorbed molecules through an atom containing an unshared electron. 
It depends on the nature of the metal, molecular structure of the inhibitor 
molecule and the chemical nature of the bonding atom. In addition, such factors 
as the lattice parameter of the metal and inter-atomic distance betw^een two or 
more bonding atoms in the inhibitor molecule are quite often important in 
chemisorption. Moreover, the chemisorption process takes place more strongly 
than electrostatic adsorption and with a higher activation energy. It depends on 
the temperature and higher degree of inhibition should be expected at higher 
temperature. 
Hi. Tc-Bond Orbital Adsorption 
Inhibitor molecule containing aromatic nucleus with double bonds or 
triple bonds interact with metal by their 7i-bond orbitals. This type of interaction 
is independent of potential, but effective principally on the positive branch of 
electrocapillary maximum (ecm) and is temperature independent. Hackerman and 
Hurd [150] correlated the inhibitor efficiency with the number of carbon atoms 
in the ring. 
1.11.2 FILM THEORY 
In order to explain the inhibitive action of inhibitors in neutral and 
alkaline media, Evans [151] put forward the film formation theory. Evans 
attributed the inhibition to the formation of an insoluble film in acid solutions 
according to Hausler [152] and Putilova et al [153]. Appreciably effective 
protection of metals by inhibitors is due to the formation on metal surface, a 
layer of insoluble or slightly soluble corrosion products. The formation of 
insoluble or slightly soluble complex compounds of iron sulphide with 
compounds like thio-ethers. thio-alcohols and the formation of protective thin 
film on the metal surface have been quoted as examples in support of the film 
theory. 
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1.12 MECHANISM OF INHIBITION IN ACIDS 
The inhibitive action of organic compounds occur on the metallic surface 
due to interaction between the inhibitor and the metal surface by adsorption 
phenomenon. In this process[93], the molecules are held on the surface of the 
adsorbent by valence forces, i.e., variation in the charge from one phase to the 
other. Therefore, the molecular structure of the inhibitors assumes special 
significance [154]. The electron density at atoms of functional group 
constituting a reaction center affects the strength of the adsorption bond [155]. 
It also depends on the properties of the metal, as well as on the polarizability of 
the functional group [156-157]. Inhibition by adsorption can be explained by 
LFER correlation [158-159]. 
1.12.1 FACTORS AFFECTING ADSORPTION 
MECHANISM 
i. Surface Charge in Metai 
The magnitude and sign of the surface charge of the metal play a very 
important role for the establishment of the adsorption bond. The effects 
exercised by organic inhibitor on the electrode reactions must be connected with 
the modifications induced in the structure of the electrochemical double layer 
because of their adsorption. In solution the charge on a metal can be expressed 
by its potential with respect to the zero charge potential. This potential, often 
referred to as the ^ potential, is more important then the potential on a hydrogen 
scale and sign of these potentials are different [160]. As the potential becomes 
more positive, the adsorption of anions is favoured and as the potential becomes 
more negative, the adsorption of cations is favoured. 
ii. Reaction of Adsorbed Inhibitors 
In some cases, the adsorbed corrosion inhibitors may react to form a 
product by electrochemical reduction, which may also be inhibitive in nature. 
Inhibition due to the added substances has been termed as primary inhibition 
and that due to the reaction product, secondary inhibition [161J. In such cases, 
the inhibitive efficiency may increase or decrease with time according to 
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whether the secondary inhibition is more or less effective than the primary 
inhibition [162]. 
Hi. Interaction of Absorbed Inhibitor Species. 
Lateral interactions between adsorbed inhibitor species becomes 
significant with increases of surface coverage of the adsorbed species. This 
lateral interaction may be either attractive or repulsive. Attractive interaction 
occurs between molecules containing large hydrocarbon components. Repulsive 
interactions occurs between ions or molecules containing dipoles and lead to 
weaker adsorption at high coverage [163]. 
iv. Interaction of the Inhibitor with Water Molecules. 
The surface of metals in aqueous solution are covered with adsorbed water 
molecules. Adsorption of inhibitors takes place by the displacement of adsorbed 
water molecules from the surface, which involves free energy for adsorption. It 
is found to increase with the energy of solvation of the adsorbing species [164]. 
V. Structure of Inhibitors and Their Adsorption 
Inhibitors can bond to metal surfaces by electron transfer to the metal to 
form adsorption bond. Generally the inhibitors are the electron donor and the 
metal is the electron acceptor. The strength of this bond depends on the 
characteristic of both the adsorbate and adsorbent. Electron transfer from the 
adsorbed species is favoured by the presence of relatively loosely bound 
electrons, as may be found in anions and neutral organic molecules containing 
lone pair electrons or 7t-electron systems associated with multiple, especially 
triple bonds or aromatic rings. 
Most organic compounds have at least one polar atom i.e. nitrogen, 
sulphur, oxygen and in some cases selenium and phosphorous. In general, the 
polar atom is regarded as the reaction center for the establishment of the 
chemisorption process [156 ] . In such cases, the adsorption bond strength is 
determined by the electron density of the atom acting as the reaction center and 
by the polarizability of the polar atoms. The effectiveness of the polar atoms 
with respect to the adsorption process varies in the following sequences [158]. 
Selenium > Sulphur > Nitrogen > Oxygen. 
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The importance of electron density in chemisorption of organic substances in 
relation to inhibition phenomena has been evaluated by Donahue [158].The idea 
of electron density acquires particular importance in aromatic or heterocyclic 
inhibitors whose structure may be affected by the introduction of substituents in 
different positions of the rings [160]. The availability of electron pairs for the 
formation of chemisorption bonds can thus be altered by regular and systematic 
variations of the molecular structure. 
1.12.2 INFLUENCE OF INHIBITOR ON CORROSION 
REACTION 
An inhibitor may decrease the rate of anodic process, the cathodic process 
or both processes. The change in corrosion potential on addition of the inhibitor 
is the indication of a retarded process [165]. Shift of the corrosion potential in 
the positive direction indicates mainly retardation of the anodic process (anodic 
control) whereas shift in the negative direction indicates the retardation of the 
cathodic process (cathodic control). Little change in the corrosion potential 
suggests that both anodic and cathodic processes are retarded. 
In the presence of an inhibitor, a shift of polarization curves without a 
change in the Tafel slope indicates that the adsorbed inhibitor acts by blocking 
active sites so that reaction can not occur rather than affecting the mechanism 
of the reaction [166]. A change in the Tafel slope is the indication of affecting 
the mechanism of the reaction. 
Inhibitor in acid solution affect the corrosion reactions of metals in the 
following ways.: 
i. Formation of a Diffusion Barrier 
The adsorbed inhibitor which forms a surface film on the metal surface, 
can act as a physical barrier to restrict the diffusion of ions or molecules to or 
from the metal surface and thus retard the corrosion reaction. This type of 
behavior occurs in inhibitor containing large molecules [167]. 
ii. Blocking of Reaction Sites 
The inhibitors may adsorb on the metal surface to prevent the surface 
metal atoms from participating in either the anodic or cathodic reaction of 
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corrosion. This blocking process reduces the surface metal atoms at which these 
reaction can occur, and hence the rates of these reactions. The mechanism of the 
reactions are not affected and the Tafel slopes of the polarization curves remain 
unchanged. Adsorption of inhibitors at low surface coverage tends to occur at 
anodic sites, causing retardation of the anodic reaction. At high surface 
coverage, adsorption occurs on both anodic and cathodic sites, and both 
reactions are inhibited. 
iii. Participation in the Electrode Reactions 
The electrode reactions involve the formation of adsorbed intermediate 
species with surface metal atoms. The presence of adsorbed inhibitors will 
interfere with the adsorbed intermediate but the electrode processes may then 
proceed by alternative paths through intermediates containing the inhibitor. In 
these processes, the inhibitor affects the reaction and the inhibitor remain 
unchanged with a change in the Tafel slope [168]. Inhibitors may retard the rate 
of hydrogen evolution on metals by affecting the mechanism of the reaction with 
the increase in Tafel slopes of cathodic polarization curves. This effect has been 
observed on iron in the presence of inhibitors such as phenylthioureas [169]. 
iv. Alteration of the Electrical Double Layer 
The adsorption of ions or species which can form ions on metal surfaces 
will change the electrical double layer at the metal solution interface, and this in 
turn will affect the rates of the electrochemical reactions. 
V. Adsorption Isotherms 
An adsorption isotherm give the relationship between the coverage of an 
interface with an adsorbed species (the amount adsorbed) and the concentration 
of the species in solution [170]. Various adsorption isotherms have been 
formulation. Table 1.4 gives the list of isotherms and their corresponding 
equations [171]. 
Interpretation of the inhibition characteristics of organic molecules can be 
made by fitting the data to one of the adsorption isotherms. 
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Table 1.4 Adsorption isotherms 
S. No. ISOTHERMS EQUATIONS 
1. Freundlisch 
Langmuir 
Frumkin 
Temkin 
Blomgren-Blockris 
Parsons 
Bockris, Devanathan 
and Muller. 
pC = 0 
PC = 
PC = 
PC = 
0 
1 - 0 
0 
exp {-2a0) (1 - 0) 
Exp{a0) ~ 1 
1 - exp [-a(l - 0)] 
PC = 0 
1 - 0 exp(p0"' - q0') 
n 1 — 0 
pC = :; ;; cxp ^ ^ exp(-2a0) 1 - 0 
logC ± log 
(1 - ey 
0 
1 - 0 
= C +p0 3/2 
where. 
P = 1/55.5 (exp - (AGads/RT)) = adsorption constant 
Gads= free energy of adsorption 
9 = surface coverage 
C = concentration of inhibitor 
a = molecular interaction constant 
a > 0 = > attraction and a < 0 = > repulsion, 
p and q = constants expressed in terms of dipole moments. 
1.13 TECHNIQUES FOR CORROSION INHIBITION 
MONITORING 
The various techniques employed for corrosion monitoring have been 
classified as 
i. Non-Electrochemical Methods 
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ii. Electrochemical Methods. 
i. Non-Electrochemical Methods 
These include techniques like weight-loss measurement and gasometric 
methods. The main disadvantage of these methods is that these require relatively 
long exposure times of the corroding systems. Also the nonelectrochemical 
methods are in general restricted to systems which do not form adherent layers 
of corrosion products. 
a. Weight Loss Measurements 
This method is the most reliable method. The electrochemical 
measurement results are usually compared with weight loss data. Here the 
change in weight of the specimen is determined by immersing the specimen in 
the corrosive medium for a fixed time. The rate of metal removal due to 
corrosion is calculated from : 
R = KW/ATD 
where R is the corrosion rate, K is a constant, W is the weight loss to the nearest 
0.0001 g, A is the area of the specimen to the nearest 0.01 sq cm., T is the time 
exposure to the nearest 0.01 hour and D is the density in g/cu. 
A variety of units have been used in the literature to express the corrosion 
rate. Using the units for T,A,W and D in the above equation corrosion rate can 
be calculated in different units with the appropriate value of K (Table 1.5). If 
desired, these constants may also be used to convert corrosion rates from one set 
of units to another [103].To convert corrosion expresed in units x to a rate in 
units y, multiply by Ky / Kx, e.g., if R is 10 mpy the rate in mm/yr would be: 
10(8.76 X 10" / 3.45 x 1 0 ^ = 0.254 mm/yr. 
Table 1.5 Values of constant K, for determining corrosion rate in different 
units using weight loss measurements 
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s. 
No. 
1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 
EXPRESSION 
Indies per month, imp 
Indies per year, ipy 
Miles per year, mpy 
Millimetres per year, mm/yr 
Micrometre per year, mm/yr 
Picometre per seamd, pm/sec 
Micrograms per square metre per sec., mg/(sq m) (sec) 
Milligrams per square decimetre per day, mdd 
Grams per square mdre per hour, g/(sq m) (hr) 
DIMENSION 
in/mo 
in/yr 
mils/yr 
mm/yr 
jjm/yr 
pm/sec 
Hg/(s qm) (sec) 
mg/(sq dm) (day) 
g/(sqm)(hr) 
CONSTANT 
K 
2.87 X 10^  
3.45x10^ 
3.45 X 10* 
8.76 X 10^  
8.76x10' 
2.78 x 10* 
2.78 x 10*D 
2.40 x 10*D 
l.OOxlO^D 
b. Gasometric Methods 
This method yields reliable and accurate results with a high degree of 
reproductivity. In this method the volume of hydrogen gas ( in acid corrosion) 
evolved during a corrosion reaction is directly measured at a constant 
temperature. The corresponding metal loss can be calculated. This technique has 
been used for the inhibitor studies by Nathan [172] and Hackerman [173]. 
Mathur et al [174] have designed a gasometric unit with which corrosion rates 
could be monitored under controlled conditions of temperature and pressure 
without any aqueous tension correction. Singh et al i[175] have designed 
apparatus for measuring adsorbed hydrogen gas and hydrogen diffusion. Also 
this technique has been successfully applied for the determination of corrosion 
kinetic parameters by them [174]. 
However this technique has certain limitations such as it can not be 
applied to a strong oxidising medium like nitric acid, to systems where the 
inhibitor used undergoes reduction with the hydrogen gas evolution, etc. 
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ii. Electrochemical Methods 
The electrochemical methods are most widely used for the study of 
inhibitors. Electrochemical methods are finding increased use in corrosion 
research and in engineering applications. Such methods are practical because the 
corrosion behaviour of material-electrolyte combinations is a direct function of 
the mechanism as well as kinetics of the electrochemical methods can be used, 
in field or in laboratory, to measure corrosion rates without removing the 
specimen from the environment or altering the sample itself. 
a. Polarization Methods 
The electrochemical polarization of metallic sample is accomplished with 
a power supply known as potentiostat. An auxiliary electrode supplies the 
current to the working electrode (test specimen) in order to polarize it. The 
potential between the working electrode and reference electrode is monitored or 
set at a fixed value. Figure 1.3 illustrates schematically a typical 
experimental 
Ammeter 
6 
Auxi l iary/ ' 
electrode 
Potentiostat 
Working R^^^^e^.e 
I—\c Auxiliary ^ 
High-
impedance 
voltmeter 
Salt-bridge probe 
D O •Jfi Working 
electrode 
Polarization 
cell 
Reference 
electrode 
Reference 
cell 
Figure 1.3 Instrumental setup for electrochemical polarisation experiments. 
arrangement. The system is designed so that only an extremely small current can 
pass between the reference electrode and the working electrode. The current 
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needed to polarize the working electrode is supplied from the auxiliary electrode 
[176]. Several American Society for Testing and Materials (ASTM) standards 
discuss methods for performing these experiments [177-178]. 
In this method the behaviour of inhibitor is understood by drawing a Tafel 
plot (Figure 1.4) in absence and presence of inhibitor. The percentage inhibition 
is calculated from the formula: 
IE% = -"" 
I" 
con 
xlOO ...(35) 
1° = Corrosion current density (corrosion rate ) in absence of inhibitor, 
I = Corrosion current density (corrosion rate ) in presence of inhibitor. 
(Noble) 
+ 
-HVH. 
Ecorr(M) 
EMVM 
(Active) 
Theoretical curves 
Experimental curves 
Log i 
Figure 1.4 Polarisation curves for a corroding electrode. 
Ecotx = Corrosion potential 
'corr = Corrosion current 
The corrosion rate is determined from the polarization data in two way: 
1. Tafel extrapolation method 
2. Linear polarization method. 
In Tafel extrapolation method the linear portion of the Tafel curve is 
extrapolated. The point of intersection is referred to as Icorr-
37 
Linear polarization method provides the value of absolute corrosion rate 
from the following relation. 
Ic Pa X Pc 
1 
23 09, + P,) R, 
..(35) 
Where p a and p c are Tafel constants, 1/Rp = A I / AE = polarization 
conductance. 
ii. Impedance Method 
The impedance technique [179-184] has become a popular tool for the 
measurement of corrosion rate in recent years. In this technique a small 
amplitude perturbation is applied to the working electrode at a number of 
discrete frequencies. At each of these frequencies the resulting current 
waveform will exhibit a sinusoidal response that is out of phase with the applied 
potential signal by a certain amount. 
The main advantages of this method are: 
applicable to low conductivity systems, 
provides mechanistic information, 
solution resistance is completely eliminated. 
The electrical equivalent circuit for the corroding system is given below: 
1. 
11 
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Rs = Solution resistance, 
Rt = Charge transfer resistance, 
W = Warburg impedance, 
Cdi = Double layer capacitance. 
The inhibition efficiency of the inhibitor can be determined from AC 
impedance method [185-186] by the following formula: 
I E % = I/A V^ ^ ^QQ (36) 
Rt and Rto are the charge transfer resistance with and without inhibitor. 
For determination of Rt, very small potential is applied as a function of 
frequency (usually 60 KHz-lmHz). The impedance of the corroding system for 
various frequencies can be measured using lock-in-amplifier. A plot of Z (real) 
vs Z" (imaginary) for various frequencies gives a semicircle (Nyquist plot; Fig 
(1.5)) which cuts the real axis at higher and lower frequencies. At higher 
frequency it corresponds to Rj and at lower frequency it corresponds to (Rs + 
Rt). The difference between the two values gives Rt. From Rt the corrosion 
current can be calculated using Stern-Geary equation: 
I _ = °^ ^ -^ x ± ...(37) 
The double layer capacitance can be determined from the frequency at which Z" 
is maximum from the relation: 
Fz"^ = iz^TT^ ^ ...(38) 
2n Cj, X R, 
Figure 1.6 is a Bode plot for the same data as in Figure 1.5. The Bode 
plot is a useful alternative to the Nyquist plot to avoid the longer measurement 
times associated with low frequency Rp determination. The Bode format 
is also 
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Figure 1.5 AC impedance profile for a simple Figure 1.6 Bode plots 
electrochemical system. 
desirable when data scatter percludes adequate fitting of the Nyquist semicircle. 
In general, Bode plot provides a clear description of the electrochemical 
system's frequency dependent behaviour than does the Nyquist plot, where 
frequency values are implicit. 
1.13.1 OTHER METHODS 
The methods such as Radio tracer technique. Spectroscopic methods, X-
ray photo electron spectroscopy. Auger electron spectroscopy, Ellipsometery, 
Hydrogen permeation. Quartz crystal method. Electrochemical noise method 
have also been used for studying the inhibition phenomenon. 
i. Radio Tracer Technique 
A better knowledge of inhibition phenomena can be obtained by Radio 
tracer method [187] with labelled inhibitor. It is possible to detect traces of 
substance adsorbed even under extreme dilution. 
The method consist of bringing about the adsorption of the compound 
under examination on the metal (electrode) by putting the electrode in the 
electrode in the electrolyte containing the radio active organic substance. The 
electrode is taken out and washed. It is subjected to a count determination to 
measure the activity. It is compared with a standard and the amount of substance 
adsorbed is found. Also the decrease in the concentration of the labelled 
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additive in the solution as a result of adsorption can be measured. Bockris [188] 
developed a special type of cell which permits the study of adsorption under 
definite conditions of applied potential. 
ii. Spectroscopic Technique 
The results of I.R. and U.V. spectra of the adsorbed products are very 
useful in the interpretation of inhibition phenomena. I.R. studies help to predict 
the functions of the adsorption bonds and the arrangement of the inhibitor 
molecules on the surface of the metal. Schwabe [189] using I.R. studies found 
that in the case of corrosion inhibition with dibenzylsulfoxide, the product 
adsorbed on the electrode was dibenzylsulphide. 
U.V. spectroscopy has been used to determine the amounts of inhibitor 
adsorbed on the electrode by evaluating the decrease in concentration in solution 
under condition of free corrosion [190]. Banerjee et al [191] studied the effect 
of aniline in 5% HCl containing mild steel at different electrode potentials. They 
found three kinds of species were adsorbed on mild steel surface. 
Suetaka [192] developed a technique to determine directly the amount of 
inhibitor adsorbed on metallic electrode by spectra recorded. 
Riggs et al [193] obtained NMR spectra of anilines and substituted 
anilines. They have observed a good correlation between chemical shift and 
coefficient of inhibition of steel corrosion. 
X-Ray photoelectron spectroscopy and FTIR spectroscopic techniques 
have been employed to study the films formed on the metal surface by the 
inhibitors [194]. 
Some other surface techniques in understanding the corrosion phenomena 
and mechanisms are summarized^*. QSi?^^i^cwM[195]. 
iii. Auger Electron Spectroscopy 
The Auger electron spectroscopy technique for chemical analysis of 
surfaces is based on the Auger radiationless process. When a core level of a 
surface atom is ionized by an impinging electron beam, the atom may decay to a 
lower energy state through an electronic rearrangement which leaves the atom in 
a doubly ionized state. The energy difference between these two states is given 
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to the ejected Auger electron which will have a kinetic energy characteristic of 
the parent atom. When the Auger transitions occur within a few angstroms of the 
surface, the Auger electrons may be ejected from the surface without loss of 
energy and give rise to peaks in the secondary electron energy distribution 
function. The energy and shape of these Auger features can be used to 
unambiguously identify the composition of the solid surface. 
An "Auger Spectrum" is obtained by plotting the derivative of the electron 
energy distribution versus energy. Because the Auger peaks are superimposed on 
a rather large continuous background, they are more easily detected by 
differentiating the energy distribution function N (E). Thus, the conventional 
Auger spectrum is the function dN(E)/dE. The typical depth analysis with AES 
is of the order of 10 A° or less and elemental concentrations as low as 0.1% of 
monolayer can be detected. Both qualitative and quantitative information can be 
obtained for all elements above helium. 
The inner core vacancy is created by electron bombardment of the surface 
with electrons having energies in the range of 1 -5 KeV. The depth profiles of 
the surface films are obtained by sputtering the surface away slowly by Ar^ ions. 
With a 3 kV, 50 |.iA beam and a high sensitivity cylindrical mirror analyzer, the 
limit of detection for the elements varies between approximately 0.02 and 0.2 
atomic percent with spectrum scanning rates of 1 eV per second. All elements 
above helium produce Auger peaks in the 0-2000 eV range. 
iv. Polarographic Technique 
The polarographic method is employed for the study of corrosion and has 
the practical utility in the detection of minute changes in the corrosive system. 
In this method, the potential is gradually increased in the direction of reducing 
the substance present in the aqueous solutions. At the reduction potential of the 
substance, current suddenly increases. The height of the peak in the current 
versus time curve indicates the concentration of the substance present. 
V. Electrocapillary Technique 
The concept of the electro-capillarity has recently been introduced for the 
study of corrosion inhibitors [196-197]. It consists of measuring the interfacial 
tension of the electrode-electrolyte interface as a function of applied potential. 
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The shift of electro-capillary curve, i.e. potential and surface tension curve, in 
the negative region after the addition of the inhibitor shows that adsorbed 
species are anionic in nature. In the presence of cationic type of inhibitors, the 
curve shifts towards anodic potential. 
vi. Nuclear Magnetic Resonance 
This method has been applied to study the electronic structure of organic 
compounds. Using this method, it has been verified that the electron density on 
the nitrogen of anilines determines the ability of these compounds as inhibitor 
of corrosion for steel in acids [193]. 
vii. Hydrogen Permeation Technique 
When a metals comes in contact with acid, atomic hydrogen is produced. 
Before these combine to produce hydrogen molecules, a fraction may diffuse 
into the metal. Inside the metal, the hydrogen atoms may combine to form 
molecular hydrogen. Thus, a very high internal pressure is built up. This leads to 
heavy damage of the metal. This is known as "Hydrogen embrittlement". 
This phenomenon of hydrogen entry into the metals can occur in industrial 
process like pickling, plating, phosphating etc. Hydrogen permeation depends on 
the nature of the acid used and it has been shown [198] that hydrogen 
permeation decreases in the order HCl > H2SO4 >HC104 for concentration 
greater than 0.5 N. 
A typical cell for permeation studies was introduced by Devanathan et al 
[199] in which the peneterated hydrogen is ionised and recorded as permeation 
current. 
The effect of inhibitors on the permeation of hydrogen has assumed 
remarkable importance in the pickling processes. Thus, not only the loss of 
metal must be protected but also the entry of hydrogen into the metal must be 
restricted by the application of inhibitor. 
An inhibitor can be considered as completely effective only if it inhibits 
metal dissolution and hydrogen penetration into the metal, simultaneously. 
Bockris et al [200] showed that naphthalene increases the rate of hydrogen 
penetration into iron. Also it has been shown [201-202] that thiourea and 
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derivatives act as good inhibitors for iron and steel but stimulates hydrogen 
penetration. This has been interpreted as due to the formation of hydrogen 
sulphide. Antropov et al [203] studied extensively the effects of numerous 
inhibitors on the corrosion of iron and on the diffusion of hydrogen through the 
metal. They showed that pyridine derivatives eliminate the diffusion of 
hydrogen through iron membranes. 
The behaviour of the inhibitors with regard to hydrogen permeation can be 
understood by measuring the permeation current with and without inhibitors. 
Those inhibitors which reduce the permeation current are good for inhibiting the 
entry of hydrogen into the metal concerned. 
Other methods of evaluation hydrogen penetration [204] consist in the 
determination of brittleness of the metal previously subjected to acid attack in 
inhibited solution or charged cathodically with hydrogen in acid solutions 
containing the inhibitors under study. 
The percentage inhibition of hydrogen penetration is given by: 
I.E.% = ^^'* ~ ^° X 100 ...(44) 
where Njni is the fracture data determined on the metal specimen in the absence 
of adsorbed hydrogen. No is the after cathodic charging with hydrogen in the 
absence of inhibitor and Ninhib is the fracture data after cathodic charging in the 
presence of the inhibitor. 
viii. Gray Relation Analysis 
Gray relation analysis is based on geometrical mathematics, which is in 
compliance with the principles of normality, symmetry, entirety and proximity 
[205]. The purpose of Grey relation analysis is to search for primarily 
relationships among the factors and to determine the important factors that 
significantly influence some defined objectives. The measure of relevancy 
between two systems or two factors is known as the relational grade, which 
describes the trend relationship between an objective sequence ( a collection of 
measurements) and a reference sequence in the system. If both tends towards 
concordance, the relational grade is regarded as great, or otherwise as small. Li 
et al [206] used this analysis to investigate the relation between inhibitor 
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structure and inhibitor performance for a series of amines in the corrosion of 
mild steel in 0.5 M H2SO4. 
ix. Electrochemical Noise Measurement 
This technique is a recent development in corrosion monitoring, the noise 
signal arising from random events such as rupture of the protective film and 
dissolution of metal at local sites. These random functions of corrosion potential 
and corrosion current are particularly obvious with localized corrosion 
monitoring. 
In this technique, current noise and the mean current flow between two 
identical electrodes are monitored and this is correlated with the corrosion 
potential noise measured via a third electrode. This technique has been found to 
be useful for the investigation of pitting corrosion. Meszaros and coworkers 
[205] studied the corrosion of pure iron by electrochemical noise in 0.5 mol/L 
H2SO4 containing dibenzylsulphoxide and phenylthiourea respectively as the 
inhibitor. 
X. Quartz Crystal Microbalance Method 
This method is used to monitor mass change as well as electrochemical 
change during corrosion process. The sensitivity of such a device is sufficient to 
detect submonolayer coverage of a surface with organic molecules. Pickering 
et al have studied the inhibiting action of benzotriazole and related compounds 
on corrosion of copper alloy in sulphuric acid solution using this method [208]. 
xi. Second Harmonic Generation. 
Second harmonic generation (SHG) at surfaces is an optical laser 
technique by which molecular adsorption from solution on to a solid surface can 
be probed. The second harmonic response, where by fraction of the incident 
fundamental beam is converted into a spatially coincident beam at twice the 
original frequency, depends on the nature of the surface and any species 
adsorbed at it. Second harmonic generation is extremely surface specific because 
it is governed by symmetry selection rule such that it only occurs in non-
centrosymmetric media. This condition is met at the interface between two 
controsymmetric media, such as metal immersed in an electrolyte. Consequently, 
the second harmonic signal is generated by only the top few atomic layers of the 
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metal and any overlayer present. This technique is sub-monolayer sensitive. 
However, the conversion efficiency is very low, so a high peak power, short 
pulse laser is required [209]. 
1.15 INHIBITION OF CORROSION OF STEEL IN ACIDS 
Inhibitors play an important role in controlling the corrosion of steels 
[210-211]. The major use of inhibitors in acid solution is in pickling processes 
[212-213],industrial acid cleaning, oil and gas well acidizing and for removal of 
rust, scale and corrosion products. The chief requirements of the inhibitors are 
that it should neither decompose during the life of the pickle nor increase 
hydrogen adsorption [214] by the metal. It should also not lead to the formation 
of surface films with electrically insulting properties that might interfere with 
subsequent electroplating or other surface treatments. Pickling inhibitors require 
a favourable polar group by which the molecule can attach itself to the metal 
surface. These include organic N, amine, S and OH groups. The size, 
orientation and shape of the molecule play a part in the effectiveness of 
inhibition [215]. The surface charge of the metal and its constituents effect the 
relative strength of the adsorbed bond and corrosion inhibition [214]. Granese 
and Resales [216] elucidated the mechanism of corrosion inhibition of iron and 
steel in HCl media. They observed reduced corrosion by N-containing organic 
compounds like acridine hexamethylene, quaternary ammonium suplhate etc. 
The anion of the pickling acid may also take part in the adsorbed film 
accounting for differing efficiencies of inhibition for the same compound in HCl 
as compared to H2SO4. This was supported by Hanna et al [217] for the use of 
ethoxylated unsaturated fatty acid. Pickling inhibitors may acts as a good 
inhibitor for iron but not for other metals or vice versa due to specific electronic 
interactions of polar groups with the metal. Sometimes temperature plays a 
significant role in affecting the inhibition efficiency [218-219] e.g., O-
tolythiourea in 5% H2SO4 acts as a good inhibitor at elevated temperatures than 
at room temperature due to increased adsorption. 
In the USSR acid inhibitors are made by the use of industrial byproducts. 
Katapan A which is alkylbenzyl pyridine chloride [220] and its analogues are 
efficient in preventing the corrosion of high C-steel. 
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Compounds containing N- or S- have shown vast applications as corrosion 
inhibitors [221-222]. Machu [221] has shown the use of S-containing compounds 
for H2SO4 and N-containing compounds for HCl solutions. Hackerman [223] 
gave the idea that higher percentage of 71 orbitals of the free electrons on the N-
atom leads to inhibitive action. N-containing compounds used as acid inhibitors 
include heterocyclic bases such as pyridine, quinoline and various amines [224-
225]. S - containing compounds like thiourea and its derivatives, mercaptans and 
sulphides in concentrations 0.003-0.01% gave 90% protection [226-227]. 
According to Every and Riggs [228], a mixture of N- and S- compounds was 
better than either type alone. Highly substituted N- atoms may increase the 
inhibition efficiency due to increase of electron density. Alkyl substitution on 
N- atom or para-position of aromatic nucleus improve inhibition efficiency in 
contrast to meta-position derivatives. Effects of anions such as I" and SH', in the 
promotion of pronounced inhibiting action by organic cations in acid solutions 
are well known [229-230]. 
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1.15.10RGANICS AS ACID CORROSION INHIBITORS FOR IRON 
AND STEEL. 
The inhibitive action of pyridine (1), pyrrole (2), furan (3) and 
thiophene (4) was ivestigated by galvanostatic measurement for Fe-IN H^SO^ 
system. Thiophene exhibited maximum efficiency among the heterocyclics 
u u u 
H 
(1) (2) (3) (4) 
Substituted pyridine derivatives such as 2-methyl pyridine (5), 3-
methyl pyridine, 4-methyl pyridine and 2-6 dimethyl pyridine (7) and 2, 4,6-
trimethyl pyridine (7) were studied by Sastri et al [232]. They found that 
substitution of methyl group in the pyridine molecule produced an increase in 
percent inhibition. CH 
' ^ ' ^ C H , H 3 C - ^ N ^ C H H j C ' ^ ' ^ C j H3C 
(5) (6) (7) 
Stupnisek et al [233-234] investigated the inhibiting action of various 
substituted N-arylpyrroles (8-9) on the corrosion of iron in strong acid 
solution, with a view to study the relationship existing between the molecular 
structure and inhibition efficiencies of pyrroles. The inhibition is significantly 
influnced by the type and the position of the functional groups. Thus N-
arylpyrrole bearing fluorine at ortho position gave the best performance among 
the substituted pyrrole derivatives, o « 
H j C ^ ^ N ^ ^ C H , R^^'^N'^'^R, 
R = alkyl or halogen 
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Various derivatives of indole (10) and quinoline (11) was studied as inhibitor 
for corrosion of mild steel in 0.5 M H^SO^ by Moretti et al [235] and Li et 
al [236] respectively. 
Ou 
(10) (11) 
The influence of imidazole (12) and 2-methyle imidazole (13) and 
benzimidazole (14) on the corrosion and hydrogen permeation through mild 
steel in IN HCl and IN H^SO^ was studied by Muralidharan et al [237]. 
The inhibitors were more effective in IN H^SO^. Benzimidazole gave >84% 
inhibition efficiency in IN H^SO^. They found that methyl imidazole 
accelerated the corrosion in IN HCl. 
I I ' I 
H H H 
(12) (13) (14) 
Starchack et al [238] investigated the electrochemical behaviour of steel 
in 0. IN HCl and IN H2S0_j using some 2-mercaptobenzimidazole (15). The 
results were discussed with consideration of the resonance and induction 
effects of polar substituents in the imidazole and benzene ring. 
a- N N ^ S H 
(15) 
Raicheva and co-workers [239] investigated several diazoles (16-17) 
such as imidazole, benzimidazole and their derivatives as acid corrosion 
inhibitors of iron and steel. They have found a very good relationship 
between the structure of diazoles and inhibition efficiency. 
4 9 
Rr 
H (16) (17) i^ 
R, = H, CH, R, = H. CH,C,H,. C,H,N, C^^N. NO,. COOH 
R, = H, CH3, CHpH Rj = H, CH .^ NH,. CH,OH, C,H,. CH,C,H,. 
R, = H. CH,C^,. NO,, COOH. 
Substituted benzothiazoles (18) such as 2-aminobenzothiazoIe, 2-amino-
6-chlorobenzothiazole, 2-amino-6-methoxybenzothiazole and 2-amino-6-methyi 
baizothiazole v/ece syntheazed and their inhibitive action on the corroaon of mild sted 
in IN HCl was evaluated by Quraishi et al [240]. 
R = H,C1,0CR,CH 3' ^ ' 3 
(18) 
The inhibition efficiency at room temperature was found in the order H 
> CI > OCH3 > CH3, while at higher temperatures (50-60°C) the order was 
CI > H > OCH3 > CH3. 
Studies on 2-hydrazino-6-methylbenzothiazole (19) as corrosion inhibitor 
of mild steel in IM HCl and IM H S^O^ were done by Ajmal et al [241]. It 
showed >90% inhibition efficiencv in IM HCl. 
f^ ^ 
H3C - ^ ^ ^ ^ S - ^ N H N H , 
(19) 
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Influence of 2-salicylideneamino-6-methylbenzothiazole (20) on the corrosion of 
mild steel in IM HCl and 0.5 M H^SO^ was investigated by Quraishi and 
co-workers [242]. The high value of inhibition efficincy was found to be due 
to due to presence of unpaired electron present on N and S atoms and the 
presence of azomethine group in the molecule. 
; > 5 ! 5 , x ^ S > - N = C H - / \ H3C' 
(20) 
The inhibitive action of 4-amino-5-mercapto-3-alkyl-l,2,4-triazole 
(21) on corrosion of mild steel in IN H S^O^ and IN HCl was investigated 
by potentiodynamic polarization, ac impedance and hydrogen permeation 
methods [243]. The results of the investigation inidcated the improved 
preformance of these compounds in H S^O .^ The inhibitors were also found to 
be very effective in bringing down the hydrogen permeation current 
considerably in both the acid solutions. 
A n R - CH3, C3R, 
1 
(21) 
The influence of some triazole (22) derivatives namely 5-mercapto-3-H-
4-salicylideneamino-l,2,4-triazole,5-mercapto-3-methyl-4- salicylideneamino-
1,2,4-triazole and 5-mercapto-3-n-propyl-4-salicylidenenamino-l,2,4-triazole on 
the corrosion inhibition of mild steel in IN HCl and IN H,SO, was 
investigated by Muralidharan et al [244]. A better performance was noticed in 
IN H^SO .^ The values of inhibition efficiency followed the order: CjH.^  > 
CH3 > H. They found that all these compounds showed better performance 
than the corresponding amines. 
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(22) 
The corrosion of mild steel in 2.5N H^SO^ containing IxlQ-^M 
concentration of 3-substituted-4-amino-5-mercapto- 1,2,4-triazolines (23) was 
studied [245]. 
HN N 
J ' ^ N ' ^ R 
(23) 
The effects of 4-amino-3-thio-l,2,4-triazolidine (24) and 2-aniino-5-thio 
- 1 , 3,4-thiadiazole (25) on the inhibition of corrosion of steel in 3M H^SO^ 
were studied by Osman and co-workers [246]. They found that compound 
(25) was more efficient than compound (24) as the former contains an extra 
sulphur atom. 
HN NH HN N 
X J X Jl 
NH^ 
(24) (25) 
The inhibitive effects of l(benzyl) l-H-4,5-dibenzoyl-l,2,3-triazole(26) 
on mild steel in 1% HCI were investigated by Abdennabi et al [247]. The 
corrosion rate of mild steel was reduced by > 95 % in the presence of 50 
ppm inhibitor. The authors have also studied the substitution field effect at 
para position (27) of the inhibitor. [248] The inhibition efficiency at para 
position followed the order : H > Br > CH3 > NO^. 
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o^^_^oc.„. --{y^i^ COCgHj 
I I 
H H 
R = Br, CH3, NO, 
(26) (27) 
Some oxazole derivatives as corrosion inhibitors for armco iron in IM 
HCl were examined by Khazraji et al [249]. It was found that 5-chloro -2-
(3-nitrophenyl) 1,3-benzoxazole (28) showed best inhibition efficinecy of 90 % 
at concentration lO'^ M. 
(28) 
The inhibitive action of thoiuracil derivatives (29,30) on corrosion of 
steel in 2 M H^SO^ was studied by Andis et al [250]. The thiouracil 
derivative bearing bromine atom at position -5-exhibitied the best performance 
1251], 
R, - CH3, C3R, 
R2 = H,Br 
H 
(29) 
The effect of dibenzyle sulfoxide (31) as corrosion inhibitor for iron in 
5% HCl was studied by Kutej et al [252] and for mild steel in 10% HCl by 
Singh et al [253]. 
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0 
< ^ 3 ^ C H , — S — C H , — < ^ 
(31) 
Savithri et al [254] studied the inhibitive action of tetra butyl 
ammonium iodide (32), cetyl trimethyl ammonium bromide (33) towards the 
corrosion of mild steel in 0.1 M H^SO .^ The inhibition efficiency increased 
with increase in temperatures. 
C.,H 16 3 
CH3 
I® 
• N — 
CH, 
(32) 
-CH, e 
Osman [255] studied the corrosion of steel in IM H^SO^ containing 
different concentrations of hexadecyle trimethyl ammonium bromide(34) over 
the temperature range 30-60"'C. 
H,C CR -i® 
H3C(CH,),, CH3 
Br© 
(34) 
Polyamino benzoquinone polymers (35) were investigated as corrosion 
inhibitors for mild steel in IN HCl and IN H^SO^ by Muralidharan et al 
[256]. 
y ^ 
N X N-
^ 
x ^ 
^ N 
^ 
O 
N-
^ 
(35) 
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Quraishi et al [257] evaluated the effectiveness of 2-aminophenyl 
thiazole (36) and its three anils as corrosion inhibitors for mild steel in IM 
HCl. 2-cinnamylideneamino -4-phenyl thiazole (37) gave best performance. 
•N=CH-CH-CH-/ ^ 
H 
(36) (37) 
The heterocyclic anils 2-salicylidene aminobenzothiazole,2-
salicylideneamino-6-chlorobenzothiazole and 2-salicylideneamino-6-methoxy 
benzothiazole were investigated and their efficiency as corrosion inhibitor for 
mild steel in IM HCl was studied by Quraishi et al [258]. Values of 
inhibition efficiency for different anils were found in the order CI > 
OCH, > H. 
= CH O R = H,C1,0CR 
(38) 
The effectiveness of some macrocyclic compounds (39-40) as acid 
corrosion inhibtors for mild steel was investigated [259]. Enhancement in 
inhibition efficiency was observed in the presence of KI in both IN HCl and 
IN HjSO^ due to synergism. 
(39) (40) 
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The influence of some macrocyclic compounds (41-43) on corrosion 
of mild steel in 1MHCI-5MHC1 was investigated by Quraishi et al [260]. 
The inhibition efficiency was found to increase with the increase in hetero 
atoms as rective centers through which they can adsorbed on the metal 
surface. 
^ \ c c 
H - N - N N - N - H „ „ 
H—N—N. N —N —H „ „ I I 
c = o o = c 
I IN IN n I I I I 
% ^ II II 
H N N H 
(41) 
N N 
C -c = s S^K: 
I I <^ Xo> 
(42) 
Hariharaputhran et al [261] studied a few nitrones (44-46) and 
evaluated their efficiency as corrosion inhibitors of mild steel in IMHCl 
at different concentrations. The best performance shown by (46) is due to 
presence of more 7C-electron and more molecular area, which leads to 
more adsorption on the metal surface. 
(44) / r \ (45) 
CH=I 
6® 
(46) / ^ ^ 
^ _^ Ace. N o , -.•// 
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1.15.2 OLEOCHEMICALS AS CORROSION INHIBITORS. 
Oleochemicals are derivatives of the components of vegetable, animal and mineral oils and 
fats i.e. glycerol and fatty acids. They include the fatty acids as such and their derivatives, which 
comprise fatty alcohols, fatty nitrogen derivatives, such as amides, amines and also fatty acid 
esters, heavy metal soaps, alkali metal soaps, polyoxyethylated items and polyoxypropylated 
items, sulphated products and quartemary ammonium compounds, as well as many other 
derivatives. 
Some of the many oleochemicals used as corrosion inhibitors for a large number of 
Ferrous and non-ferrous metals are summarised below; 
(i) Ferrous Metals 
Lauryl acid phosphate serves as a corrosive inhibitive coating for metals during storage 
and transportation [262]. Sorbitan monooleate has found application for the protection of metals 
[263]. The protection of metals pipes against corrosion has been achieved by the used of oleic acid 
hydrazide [264]. Morpholine stearate [265] has corrosion inhibiting properties when applied to 
steel surface. 
Szauer et al [266] studied the role of fatty acids in adsorption and corrosion inhibition of 
iron in acidic solutions. Phenyl undecenoic acid has been used for ferrous metal by Kuznetsov 
etal [267]. 
Derivatives of sulfurated fatty acid as corrosion inhibitors of steel in systems containing 
elementary sulfiir, H2S and chloride were investigated by Hartel et al [268]. 
Badran et al [269-270] worked on some new epoxidised fatty materials modified with 
aliphaitc amines and evaluated their inhibiting action for mild steel in 0.05 N HCl at 70°C. 
Efficiency values as high as 92% were obtained for some compounds (47-48). 
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>c_c< 
1 1 NH OH 1 
R 
(47) 
>f-K 
moH 
ri V 
R 
•(48) 
Hanna et al [271] studied the commercial fatty acid ethoxylate (49) as corrosion inhibitors 
for steel in pickling acid and form inhibition efficiency < 80"C in HCl. The ethoxylae of linseed oil 
was found most efficient inhibitor on account of the presence of three double bonds. 
R-COO - (CH2CH2O) - H 
R = alkyl chain. (49) 
El-Nabey and coworkers [272] studied the corrosion inhibiting properties of homologous 
series of dihydrazides such as oxalic, malonic, succinic dihydrazide for mild steel in IN H2SO4 
They observed that the inhibition efficiency of the compounds increased with increase in number 
of the methylene groups. 
Selected amides of fatty acids (50) with 16-18 carbon atoms in molecules and molecular 
weight of 300-400 were investigated by Jericek et al [273]. Inhibition efficiency of 90-97% at 
room temperature were obtained. 
O 
R_C-NH-CH2-CH2-NH2 
(50) 
where R = alkyl group. 
Four new aminoamides of tall fatty acids (51) with a thermal stability of >300°C were 
introduce by Schacehoff and Kissel [274]. These inhibitors were found to be useful for 
appUcations in deep hot well and in petrochemical refining processes. 
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/ ^ - NH2 
(51) 
(ii) Non-Ferrous Metals 
(a) Copper 
Copper binoleate is used as corrosion inhibitor for copper in dilute mineral acids [275]. 
Dicyclo hexylanMne salts of oleoyl sarcosine are also used as corrosion inhibitor for copper [276]. 
Use of monoethanelamine stearamide as corrosion inhibitor of copper has also been reported 
[277]. 
(b) Aluminum 
Glyceryl monooleate [278] and stearyl maleate [279] are excellent inhibitors for aliminum 
foil. Fatty acid ester diethylene glycol monostearate and behenic acid have been utilised to seal 
anodizing aluminum sur&ce [280]. 
(c) Brass 
Dicyclohexyl amine salt of oleoyl sarcosine [276] and stearyl maleate [279] have been 
reported to act as corrosion inhibitors for brass. 
(d) Bronze 
Maleic anhydride adducts of butyl oleate have been applied as corrosion inhibitors for use 
on bronze [281]. 
59 
(e) Magnesium 
The properties and the mechanism of the action of caproic acid [282], cetyl thiopropionate 
[283], distearyl thiodispropionate [283] and ammonivim stearate [284] as corosion inhibitiors have 
been ejq>lored by many workers. 
(f) Silver 
Laxiryl mercaptans [285] and palmitylamine acetate [286] have been reported to work as 
corrosion inhibitors for silverware. 
(g) Zinc 
Heptyle oleate sulphate has been reported to act a corrosion inhibitor for fine grain zinc in 
9% HNO3 at ITC [287]. The reaction products of palmitonitrile and sulphur dioxide [288] in 
perchloroethylene have been found to be of value as corrosion inhibitors of zinc and its alloys in 
both acid and alkaline solutions, 
(c) Vapour-phase corrosion inhibitors (VPI) 
Ammonium stearate [289], cyclohexylamine oleate [290], dicyclohexylamine oleate, 
dicyclohexylamine palmitate [291], sodium acid stearate [292] have proven to be useful VPI for 
steel surfece. Capric acid along with methylamine caprate is an eflfetive VPI between -10°C to + 
43.3°C [293] for wraping iron, steel and copper - containing assembles. Sodium palmitate has 
been used in aqueous VPI in food canning [294]. 
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2.0 MATERIALS 
2.1 TEST SPECIMEN 
2.1.1 FOR WEIGHT LOSS STUDY 
Cold rolled mild steel strips of size 2 cm x 2.5 cm x 0.. 05 cm and composition as given below 
were used for IN acidic solutions for 
C 
0.14% 
Mn 
0.35% 
weight loss study. 
Si 
0.17% 
P 
0.03 % 
Fe 
Remainder 
2.1.2. FOR ELECTROCHEMICAL TESTS : 
Cold rolled mild steel strips having working area of 1 cm^ and composition same as above 
were used for all electrochemical tests. 
2.2 TEST SOLUTIONS 
The acids HCl and H2SO4 (MERCK) of AR Grade were used as corrosive media. The double 
distilled water was used to prepare all the test solutions. The test solution of inhibitor contains 5% of 
acetone or ethanol as solvent for solubilizing the organic compounds used as corrosion inhibitors. 
2.3 INHIBITORS USED 
Twenty two inhibitors were synthesized in the laboratory. They are listed below: 
2.3.1 OLEOCHEMICALS 
2.3.1.1. ACYCLIC OLEOCHEMICALS 
1. Laurie acid hydrazide LAH 
2. Oleic acid hydrazide OAH 
3. Undecenoic acid hydrazide UAH 
4. l-Undecane-4-phenyl thiosemicarbazide UPTS 
5. l-Heptadecene-4-phenyl thiosemicarbazide HPTS 
6. l-Decene-4- phenyl thiosemicarbazide DPTS 
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2.3.1.2 HETEROCYCLIC OLEOCHEMICALS 
1. 2-Undecane-5-mercapto-l-oxa-3,4-diazole UMOD 
2. 2-Heptadecene-5-mercapto-l-oxa-3,4-diazole HMOD 
3. 2-Decene-5-mercapto-l-oxa-3,4-diazole DMOD 
4. 3-Undecane-4-aryl-5-mercapto-l, 2,4-triazole UAMT 
5. 3-Heptadecene-4-aryl-5-mercapto-l, 2,4-triazole HAMT 
6. 3-Decene-4-aryl-5-mercapto-l, 2,4-triazole DAMT 
2.3.2 CONDENSATION PRODUCT OF ALDEHYDES 
THIOSEMICARBAZIDE 
1. l-Dimethylaminobenzaldehydethiosemicarbazone DTS 
2. 1 - Vanillin thiosemicarbazone VTS 
3. 1-Salicylaldehydethiosemicarijazone STS 
4. 1-Benzaldehyde thiosemicarbazone BTS 
5. 1-Cinnamaldehyde thiosemicarbazone CTS 
2.3.3 DIANILS OF P-PHENYLENEDIAMINE 
1. 1,4-Di (dimethyJaminobenzyledine) atninophenylene DDAP 
2. 1,4-Di(vanyledine) aminophenylene DVAP 
3. 1,4-Di(salicyledine) aminophenylene DSAP 
4. 1,4-Di(benzyledine) aminophenylene DBAP 
5. 1,4-Di(cinnamyledine) aminophenylene DCAP 
AND 
2.4 ACYCLIC OLEOCHEMICALS 
2.4.1 SYNTHESIS OF FATTY ACID HYDRAZIDES [1] (SCHEME -1) 
The fatty acids were esterified with methanol. A mixture of methyl esters of fatty acid (0.01 
M), hydrazine hydrate 99 - 100% (0.03M) and ethanol (25 ml) was refluxed for 8 hours. The solid 
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that separated on cooling the concentrated reaction, mixture was filtered, washed with little ethanol, 
then with ether and dried. It was then recrystallized fi-om boiling water. Characterization data of 
conqx)unds are given below: 
Compound 
No. 
1. 
2. 
3. 
Name of the compounds 
(Abbreviated) 
LAH 
OAH 
UAH 
Yield 
(%) 
90 
95 
90 
m.p. 
CO 
113-114 
111-112 
99-100 
Rf value 
Pet: E.A.:MeOH 
(5:3:2) 
0.31 
0.37 
0.21 
IR spectral data (significant bands v mm in cm' (KBr)) 
LAH = 3300 (N-N), 2900 (CH3), 2845 (CH2 chain), 1621 (C = O), 1152 (C - N). 
OAH = 3320 (N - N), 2900 (CH3), 2842 (CHj chain), 1640 (C = C), 1622 (C = O), 1155 (C - N). 
UAH = 3300 (N - hf), 2830 (CH2 chain), 1639 (C = C), 1620 (C = O), 1155 (C - N). 
NMR Spectral data (5CDCI3) 
UAH = 1.36 (12 H, (CH2)6), 2.1 (2H, CH2 - CH = ), 2.76 (2H, CHj C = O), 5.09 (2H, NHj), 5.2 (2H, CH2 = CH), 5.96 
(I H, CH2 - CH-), 8.87 (1 H, N - H ). 
2.4.2 SYNTHESIS OF 1-ALKYL-4-PHENYL TfflOSEMICARBAZIDES 
2.4.2.1 PREPARATION OF PHENYL ISOTHIOCYANATE [2] 
Ice cooled carbon disulphide (0.7 M) and ice cooled ammonia solution (1.4 M, d 0.88) was 
vigorously stirred maintaining ten^rature < 0°C. Aniline (0.7 M) was added dropwise and the whole 
solution was stirred fiirther and allowed to stand for overnight. A heavy yellow precipitate of 
ammonium phenyldithiocarbamate was separated out. Lead nitrate (0.7 M) and water (400 ml) was 
added to the salt. Steam distillation of the mixture was perfonned to get emulsion of oil and water. 
Oil was separated and dried over anhydrous calcium chloride. Yield % = 70 
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2.4.2.2 SYNTHESIS OF 1-ALKYL-4-PHENYL TfflOSEMICARBAZIDE [3] 
(SCHEME-2) 
To a solution of fatty acid hydrazide (0.015M) in dry benzene (40 ml) and ethanol (10 ml) 
was added phenyl isothiocyanate (0.015 M) dropwise with shaking. The mixture was heated under 
reflux for 15 hours and cooled when solid mass separated out. It was filtered, washed with ice cold 
benzene and dried in air. The product was recrystallised fi-om ethanol. 
Characterization data of con^unds are given below: 
Compound 
No. 
4. 
5. 
6. 
Name of the conpounds 
(Abbreviated) 
UPTS 
HPTS 
DPTS 
Yield 
(%) 
85 
93 
76 
m.p. 
CC) 
104-105 
75-76 
80-81 
Rf value 
Pet: E.A.:MeOH 
(5 :3 :2) 
0.08 
0.10 
0.07 
IR Spectral data (significant bands Vnax in cm"' (KBr)) 
UPTS = 3280 (N - N), 2875 (CH3), 2820 (CH2 chain), 1618 (C = O), 1450 (QH,), 1290 (Ar C - N), 
1152 (C - N), 1020 (C-S). 
HPTS = 3276 (N - N), 2910 ( CHj), 2818 (CH2 chain), 1638 (C = C), 1615 (C = O), 1292 (Ar C - N), 
1158 (C-N), 1018 (C-S). 
DPTS = 3282 (N - N), 2844 (CH2 chain), 1624 (C = O), 1640 (C = C), 1293 (Ar C- N), 1159 (C - N), 
1021 (C - S). 
NMR spectral data (5 CDCI3) 
UPTS = 1.38 (12 H, (CH2)6), 2.12 (2H, = CH - CH2), 2.38 (2H, COCH2), 4.92 (IH, N - H), 
5.19 (2H, CH2 = CH -), 5.97 (1 H, CH2 - CH - ), 7.59 (5 H, C^ Hs). 9.18 (2H, NH - NH), 
9.52 (1 H, HN - CsHs). 
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R - COOCH3 + H3N - N H 3 — ^ 
(Methyl ester) (hyd. hydrate) 
Methanol 
R-COOH 
(Fatty acid) 
O 
-> R - C - N H N H ^ 
(Fatty acid hydrazide) 
(1-3) 
1. 
2. 
3. 
SCHEME-1 
R = CH3-(CH,),„ 
R = CH3 - (CH3), - CH = CH - (CH^), 
R = CH3=CH-(CH,), 
O 
R - C - N H N H 3 + C^jN = C = S 
O S 
II II 
^ R-C-NHNH-C-NH O 
(Fatty acid hydrazide) (Phenyl isothiocyanate) (Fatty acid thiosemicarbazide) 
(4-6) 
SCHEME-2 
/lO 4. R = CH3-(CH,), 
5. R = CH3-(CH^),-CH = CH-(CH^), 
6. R = CH,= CH-(CH,), 
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2.5 HETEROCYCLIC OLEOCHEMICALS 
2.5.1 SYNTHESIS OF 2-ALKYL-5-MERCAPTO-l-OXA-3,4-
DIAZOLE [ 4 ] (SCHEME - 3) 
Carbon disulphide (0.03M) was added dropwise to ethanolic KOH (0.03M) solution and 
the content was heated on water bath. The fetty acid hydrazide was added and mixture was refluxed 
for 12 -14 hours, at 80-90° C under anhydrous condition untill evolution of H2S ceases. The excess 
solvent was distilled under reduced pressure. The residual mass was poured over crushed ice, and 
neutralized the alkaline solution with 10%HC1 maintaining pH-7. Solid thus separated was filtered 
and washed with water and recrystallized fi"om ethanol. Characterization data of the compounds are 
given below: 
Conqx)und 
No. 
7 
8 
9 
Name of the compounds 
(Abbreviated) 
UMOD 
HMOD 
DMOD 
Yield 
(%) 
54 
63 
62 
HLp. 
(°C) 
86-87 
92-93 
44-45 
Rf value 
Pet: E.A.:MeOH 
(5 :3 :2) 
0.55 
0.26 
0.30 
IR spectral data (significant bands v nm in cm'' (KBr / Nujol)) 
UMOD = 2900 (CH3), 2850 (CH2 Chain), 2475 (S - H), 1615 (C = N), 1168 (C - S), 1045 (C - O -C). 
HMOD = 2892 (CH3), 2810 (CHzChain), 2380 (S - H), 1615 ( C = C), 1600 (C = N),l 105 (C - S), 
1052 (C - O - C). 
DMOD = v nfflx (Nujol), 2820 (CHj chain), 1640 (C = C), 1602 (C = N), 1130 (C - S), 1148 (C - O -C). 
NMR spectral data. (6 CDCI3) 
DMOD = 1.37 (2H (CH2)6), 2.16 (2H, CHj - CH=), 5.04 (IH, SH), 5.12 (2H, - CH2 = CH2 = CH-), 
5.96(1H,CH-CH2). 
2.5.2 SYNTHESES OF 3-ALKYL-4-ARYL-5-MERCAPTO-1, 2,4-
TRIAZOLE [3] (SCHEME - 4) 
To a suspension of l-alkyl-4-aryl thiosemicarbazide (0.0 IM) in 25 ml ethanol was added 
20.0 ml of 10% ethanolic KOH and the mixture was heated on a steam bath for 10 - 12 hours. The 
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0 
II 
R - C - N H N H ^ 
(Fatty acid hydrazide) 
KOH N — N 
1 s - r - s -•» 1 1 
(Carbon di sulphide) (Fatty acid oxadiazole) 
7. R = CH,-(CH,),„ 
8. R = CH3-(CH2),-CH = CH-(CH^)^ 
9. R = CH,= CH- (CH, \ 
SCHEME-3 
0 S 
II II / = \ 
R - C - N H N H - C - N H - X ^ 
(Fatty acid thiosemicarbazide) 
N N 
10% KOH 11 ll 
— 7 — > R-^^N'^^SH 
1 
^ u 
(Fatty acid triazole) 
(10-12) 
10. R = CH3-(CH,),„ 
11. R = CH3-(CH,)^-CH = CH-(CH^), 
12. R=CH2=CH-(CH^), 
SCHEME-4 
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resulting solution was cooled, 15 ml. of water was added and filtered to remove any suspended 
impurity. The filtrate was cooled and acidified to pH 5-6 with dil. HCl and a solid product thus 
separated was filtered, washed with water and recrystallized fi*om ethanol as colourless needles. 
Characterization data of compounds are given below: 
Compoimd 
No. 
10 
11 
12 
Name of the compounds 
(Abbreviated) 
UAMT 
HAMT 
DAMT 
Yield 
% 
75 
68 
70 
m.p. 
(°C) 
88-89 
80-81 
83-84 
Rf value 
Pet: E.A.:MeOH 
(5:3 :2) 
0.08 
0.52 
0.45 
IR spectral data (significant bands Vmax in cm"' (Nujol) 
UAMT = 2900 CHj), 2848 (CHz chain), 2590 (S - H), 1662 (C = N), 1558 (Ar (C - N), 1160 (C - S), 
HAMT = 2898 (CH3, 2850 (CHj chain), 2588 (S - H), 1688 (C = N), 1640 (C = C), (C = C), 1560 (Ar C - N), 
1162(C-S), 
DAMT = 3010 (N - N), 2832 (CH2 chain), 2548 (S - H), 1042 (C = N)„ 1589 (C = C), 1075 (C - S) 
NMR spectral data (6 CDCI3) 
DAMT = 1.30 ( 12 H (CH2)6), 2.06 (2H, CH2 - CsHj), 2.60 (2H, CH2 - CH =), 5.0 (1 H, S - H), 
5.12 (2 H, CH2 = CH), 5.87 (1 H, CH 2 - CH), 5.73 (5 H, -CcHj) 
2.6 SYNTHESIS OF CONDENSATION PRODUCTS OF 
ALDEHYDES AND THIOSEMICARBAZIDE [5] (SCHEME-5) 
Condensation products of aldehydes and thiosemicarbazide were prepared by refluxing 
equimolar ratio of each thiosemicarbazide and respective aromatic aldehydes in ethanol for about 1 
hour in presence of one drop of cone. HCl as catalyst. The product was washed successively with 
water followed by ether and finally recrystallized fi-om ethanol. Characterization data of the 
con^unds are given below: 
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Compound 
No. 
13 
14 
15 
16 
17 
Name of the compounds 
(Abbreviated) 
DTS 
VTS 
STS 
BTS 
CTS 
Yield 
(%) 
78 
81 
85 
80 
74 
m.p 
CO 
127-28 
136-37 
143-44 
140-41 
113-14 
Rf value 
Benzene: E.A. 
(10:1) 
0.69 
0.89 
0.77 
0.51 
0.59 
IR Spectral data(significant bands Vmax in cm' (KBr)) 
DTS = 3355 (N - H), 1582 (C = N, 1500 (C - S) 1430 (p - C6H5),1355 (N - C tert.) 
VTS = 3500 (O - H), 3420 (N-H), 1580 (C = N), 1535 (C - S), 1452 (o, p - CeH, ), 1018 (C-O-C). 
STS = 3450 (O -H), 3300 (N-H), 1602 (C=N), 1530 (C - S), 1455 (o-CsHj). 
BTS = 3390 (N - H), 1592 (C = N), 1520 (C - S), 1455 (CgHs). 
CTS = 3448 (N - H), 1662 ( >C=C<), 1597 (C = N), 1532 ( C- S), 1450 (CgHj). 
NMR spectral data (5 CDCI3) 
CTS = 2.21 (IH, = CH - CfiHs), 3.56 (IH, - C_H - CH = CH-), 6.95 (IH, CH = N), 7.06 (2H, NHj), 7.6 ( 5 ^ CgHj), 9.9 
(1H,-NH). 
2.7 SYNTHESIS OF DIANILS OF P-PHENYLENEDIAMINE 
[ 6 ] (SCHEME - 6) 
To 1.0 M warm p-phenylenediamine was added 2.0 M of respective aromatic aldehydes 
dropwise. The reaction mixture was warmed on water bath with shaking vigorously. The solid thus 
formed was filtered and crystallized fi-om ethanol. Characterization data of compounds are given 
below: 
Compound 
No. 
18 
19 
20 
21 
22 
Name of the compounds 
(Abbreviated) 
DDAP 
DVAP 
DSAP 
DBAP 
DCAP 
Yield 
(%) 
68 
71 
75 
70 
64 
m.p 
CQ 
277-79 
78-79 
196-97 
125-26 
147-48 
Rf value 
Benzene: E.A. 
(10 : 1) 
0.36 
0.21 
0.54 
0.73 
0.78 
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R, R, 
H^N-C-NH NH^ R : s y^ (CH = CH) - CH = O 
(Thiosemicarbazide) (Aromatic aldehyde) 
C,H,OH 
R, 
NH2-C-NHN = CH-(CH = CHX s ^ 
(condensation products) 
(13-17) 
R, 
yC' R. 
13. R, = N(CH3)^,R^-R3 = H,n = 0 
14. R, = OCH3, R^  = OFi R3 = H, n = 0 
15. R, = R2-H,R3 = OH,n = 0 
16. R, = R^  = R3 = H, n = 0 
17. R, = R, -R3 = H , n = l 
SCHEME-5 
R, 
H , N — < ^ ^ ^ - N H , + R r - < t ^ ^ - (CH-CH)^-CH = 0 
(p-phenylenedianiine) 
R r - ^ 
C,H,OH 
(Aromatic aldehyde) 
R, R, 
^ ( C H = CH)^ - HC= N ^ ^ N = CH-(CH=CH);;-<^ ^ ^ i 
(Diaiiil) 
(18-22) 
13. R,-N(CH3)^,R^ = R3 = H,n = 0 
14. R, = 0CH3, R^  = OH,R3-H,n = 0 
15. R,=R2 = H,R3 = OH,n = 0 
16. R, = R2 = R3-H, n = 0 
17. R, = R^  = R3 = H , n = l 
SCHEME-6 
9 2 
IR Spectral data(significant bands Va^ in cm' (KBr)) 
DDAP = 1594 (C = N), 1485 (o, p- CsHs), 1430 (jp-C^s), 1360 ( N - C tert). 
DVAP = 3505 (O- H), 1590 (C = N), 1460 (o, p- CsH,), 1428 (p - CsH,). 1025 (C-O-C). 
DSAP = 3210 (O -H), 1602 (C = N), 1485 ( p- CsHj), 1480 ( o- CeH,) 
DBAP = 2850 (C - H), 1605 (C = N), 1485 (CeHj), 1440 (p- CgHj) 
DCAP = 2925 (C - H), 1628 ( >C = C <) . 1589 ( C = N ), 1497 (p- CgH,), 1448 (CeHj). 
2.8 DETERMINATION OF THERMODYNAMIC PARAMETERS 
2.8.1 DETERMINATION OF ACTIVATION ENERGY 
The values of activation energy (E^ were calculated using the Arrhenius equation: 
ln(r/r,)= (-E. x AT) / (R x T^ x T,) 
Where r^  and r^  are corrosion rate at temperature T^  and T^  respectively, AT is the difference in 
temperature (T^ - T )^. 
2.8.2 DETERMINATION OF FREE ENERGY OF ADSORPTION 
The free energy of adsorption at different ten^ratures was calculated using the equation 
given below: 
AG^= -RT hi (55.5K) 
and K is given by: 
K-0/C(l-0) 
where 9 is degree of coverage on the metal surfece, C is concentration of inhibitor in mole/lit, T is 
ten^rature, R is a constant and K is equilibrium constant. 
2.9 TECHNIQUES USED 
The work was carried out with the help of the following techniques: 
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2.9.1 TECHNIQUES USED FOR THE CHARACTERIZATION OF 
THE SYNTHESIZED COMPOUNDS 
i. Determination of melting point. 
Melting points were recorded on a Kofler hot block apparatus and are uncorrected. 
ii. Determination of Rf values. 
Rf values were observed by thin layer chromatography using Silica-Gel G254 
(MERCK). Iodine was used for visualization of the TLC plates. 
iii. Infra red spectroscopy 
IR spectra were obtained in KBr / Nujol with a Pye-Unicam SP3 - 100 
spectrophotometer. IR values are given in cm"'. 
iv. Nuclear magnetic resonance 
'H-NMR spectra were run in CDCI3 on a Varian A - 60 D spectrometer with TMS 
(Me4Si) as the internal standard and its values are given in ppm. ( 6). The chemical 
shifts were recorded relative to TMS assigned at zero. 
2.9.2 TECHNIQUES USED FOR THE CORROSION STUDY 
i. Weight loss method 
The specimens of required size of different steels were mechanically polished with 1/0 to 
4/0 grade of emery papers. In each specimen a 1.5 mm diameter hole was drilled for mounting the 
specimen. After polishing, the specimen were washed with distilled water and degreased with 
trichloroethylene. The clear and dry specimens were measured for the total surfece area with utmost 
accuracy, using the following equation: 
A = 2(lb + lt + bt-7ii^ + 7rrt) ...(1) 
where: 
t = thickness of the specimen in cm. 
b = width of the specimen in cm 
1 = lei^h of the specimen in cm, and 
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r = radius of the mounting hole 
The weight of the specimen was measured before exposing it to the corrodent solution on a 
sartorious balance. The test solutions were prepared from acids of AR grade and double distilled 
water. The volume of the test solution per square centimeter was maintained at about 20 ml as per 
ASTM method, to avoid any appreciable change in its corrosivity during the test, either through 
exhaustion of corrosive constituent or by accumulation of corrosion products that might affect fiirther 
corrosion. The testing duration, solution temperature and inhibitor concentration were varied with the 
purpose of the test, nature of the test materials and the apparatus used. The test conditions were 
controlled throughout the test in order to ensure reproducible results. After a definite exposure of 
time, the specimen was taken out and washed with running water. The corrosion product on the steel 
surfece, if any, was removed mechanically by rubbing with brush. The specimens were then dried and 
loss in weight was recorded. The thermostatic water bath (accuracy ± 1 **€) was used for carrying out 
the weight loss experiments at various temperatures. Covered beakers for 1 N acidic solutions were 
used for immersion corrosion test. The percentage inhibition efficiency (I.E.%) and the surface 
coverage (9) were calculated using the following equations: 
%I.E. = {(CR** - CR) / CR° } X 100 ...(2) 
e = (CR°-CR)/CR° ...(3) 
where: 
CR** = corrosion rate in uninhibited system, and 
CR = corrosion rate in inhibited system 
The average corrosion rate was obtained by the use of the following equation. 
Corrosion rate = KW / ATD ... (4) 
where: 
K = a constant (8.76 x lO"* for mmpy) 
W = weight loss in gm to the nearest 1 mg. 
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Figure 2.1 Block diagram of impedance setup. 
Impedance measurements were perfonned at E^Q^ with the ac volt^e amplitude +5mV in 
the frequency range from 5 Hz -100 KHz. All the measurements were carried out by a EG & G 
Potentiostat / Galvanostat (model 273A) and EG & G Lock -in-Amplifier (model 5301A) using an 
IBM computer. 
The values of R, and Cai were obtained using the Nyquist Plot and Bode Plot respectively. 
In acidic medium the values of solution resistance (Rs) being negligible, the Rs + Rt values has been 
taken as Rt. The percentage inhibition eflSciency were calculated using the following equation: 
o/o I.E. =-L_L2—i_ijL X 100 
...(6) 
where: R, o and R, i are charge transfer resistance without and vwth inhibitor respectively. 
iv. Scanning Electron Microscopy 
Scanning electron microscope (SEM) (model JEOL JXA - 6400, Japan) was used to study the 
morphology of corroded surface in presence and absence of inhibitors. The specimens were 
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thoroughly washed with double distilled water before putting on the slide. The photographs have been 
taken from that portion of specimen from where better information was obtained. They were 
photographed at appropriate magnifications. To understand the morphology of the steel surface in 
absence and presence of inhibitors, the following cases have been examined: 
i. Polished mild steel specimen 
ii. Mild steel specimens dipped in IN HCl 
iii. Mild steel specimens dipped in 1 N HCl containing optimum concentrations of inhibitors. 
V. X-ray Diffraction 
The XRD patterns of the films formed on the metal surface were recorded using a computer 
controlled X-ray diffractometer. Philips analytical X-ray B.V., (model PW 1710) with Cu Ka 
radiation (Ni-filtered = 1.5418 A°) at a rating of 35 KV, 20 mA. The 0-29 scan mode was used to 
scan the samples in 29 - range of 5.01 -69.99. The scan rate was 0.02 per step and the measuring time 
was 0.5 sec/step. 
vi. Auger Electron Spectroscopy 
The auger analysis of the samples was accomplished by using an auger electron spectroscope 
(VARIAN CMA VT - 112 model). The specimen was treated in surfece pre-treatment and 
inhibitor(s) containing solutions and then stored in a desiccator for 3-4 days. Specimen of dimension 1 
cm X 1 cm was fixed on a sample holder with the help of the silver paste. The specimen(s) were then 
introduced into the Fast Entry Lock (FAEL) chamber which is maintained at a vacuiun level of 10'" 
torr (1.33 X 10 "'pa). After allowing for degassing the specimen were transferred into the preparation 
chamber. The specimens were again kept for a long enough time to facilitate further degassing. The 
specimen is then introduced into the analyser chamber. The energy scale was calibrated by measuring 
the analyzer voltage required to transmit elastically reflected primary electrons of known energy. The 
beam energy of 3 KeV were used to obtain the Auger spectra. The depth of the resolution was 
2A° to 20A° The ^pearance of peaks at specific eV confinns the presence of that element on the 
adsorbed surfece of mild steel. 
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The diverse application of oleochemicals to various industries, their biological activities and low cost as compared to petrochemicals has created enormous interest among the chemists for the synthesis of 
oleochemicals in recent years [1-4]. A survey of literature reveals that corrosion 
inhibitors derived from oleochemicals constitute an important and potential class of 
corrosion inhibitors. However, very little work has been done on fatty acid 
derivatives as corrosion inhibitors. Szauer et al [5] examined the role of fatty acid in 
adsorption and corrosion inhibition of iron by amine fatty acid salts in acidic 
solutions. Badran et al [6-7] investigated the corrosion inhibiting properties of a few 
modified epoxidised linseed oil and oleic acid with methyl, ethyl and butyl amines 
and reported > 90% inhibition efficiency of these compounds in 0.05N HCl solution. 
Hanna et al [8] examined the inhibiting behaviour of ethoxylated fatty acid 
derivatives and found them to be effective corrosion inhibitors for mild steel in HCl 
and H2SO4. Aitov et al [9] studied a few carboxylic acid hydrazides as corrosion 
inhibitors in HCl solution. These compounds gave > 95% inhibition efficiency. 
Jericek et a! [10] investigated the corrosion inhibiting action of some ecologically 
accepted amides as corrosion inhibitors. 
In the present study, the influence of some hydrazides and thiosemicarbazides 
of fatty acids on corrosion of mild steel in IN HCl and IN H2SO4 has been 
investigated by weight loss, potentiodynamic polarization, electrochemical 
impedance method. Scanning electron micrographs. X-ray diffraction and Auger 
electron spectroscopy techniques have also been used for surface characterization of 
the inhibited mild steel coupons. The molecular structures and other details of the 
acyclic oleochemicals used in the present study are given in Table - 3.1.1. 
3.1.1 WEIGHT LOSS STUDIES 
The values of inhibition efficiency and corrosion rate obtained from weight 
loss method for mild steel in IN HCl and IN H2SO4 in the absence and presence of 
different hydrazides and thiosemicarbazides of fatty acids at different concentrations 
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at 35°C are summarized in Table 3.1.2 and 3.1.3 respectively. It is seen that the 
inhibition efficiency for all the compounds increases with increase in concentration. 
Maximum inhibition efficiency of each compound was achieved at 500 ppm. All the 
thiosemicarbazide of fatty acids showed >92% inhibition efficiency even at a 
concentration as low as 25 ppm. 
The influence of inhibitor concentration, solution temperature and immersion 
time on inhibition efficiency of fatty acid hydrazides and thiosemicarbazides has been 
shown in Figure 3.1.1 and 3.1.2 respectively. It is seen that; 
(i) the inhibition efficiency of all the investigated fatty acid hydrazides and 
thiosemicarbazides increases with the increase in concentration of inhibitors in 
both acids and maximum inhibition efficiency was achieved at a concentration 
of 500 ppm. 
(ii) the inhibition efficiency of all the fatty acid hydrazides and 
thiosemicarbazides, except for UPTS in IN H2SO4 decreases with increase in 
temperature from 35*^ 0 to 65°C. This phenomenon may be attributed to the 
desorption of inhibitor molecules from the metal surface at higher 
temperatures. The inhibition efficiency of UPTS in IN H2SO4 does not change 
with the rise in temperature from 3 5°C- 65°C. 
(iii) the inhibition efficiency of all the tested hydrazides except for OAH in IN HCl 
decreases with immersion time from 2 hours - 6 hour. However, in case of 
thiosemicarbazides no significant change in inhibition efficiency occurs with 
increase in immersion time. 
The inhibition efficiency of thiosemicarbazides of fatty acids has been found to 
be better than the hydrazides of fatty acids. This may be attributed to the presence 
of CS-NHCfiHs group in the thiosemicarbazide molecules, which facilitates greater 
adsorption of thiosemicarbazide molecules through S and phenyl group on the metal 
surface thereby giving higher inhibition efficiency than hydrazides. 
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S.No. 
1 
2 
3 
4 
5 
6 
Strtucture 
0 
CH3-(CH,),„-C-NHNH, 
0 
II 
CH3-(CH2),-CH=CH-(CH3),-C-NH NH^ 
0 
II 
CHj^ CH-(CHj)g - C - NH NH^ 
O S A = V 
II " / \ 
CH,-(CH,),„-C-NH NH-C-NH — ^ H 
p S i = v 
CH,-(CH,),-CH=CH-(CH,),-C-NHNH-C-NH —L ^ 
o s ^_=. 
CHj=CH - (CHj)3-&-NHNH-C-NH-/ \ 
Designation 
& abbreviation 
Laurie acid 
hydrazide(LAH) 
Oleic acid 
hydrazide (OAH) 
Undecenoic acid 
hydrazide (UAH) 
l-Undecane-4-phenyl-
thiosemicarbazide 
(UPTS) 
1 -Heptadecene-4-pheny 
thiosemicarbazide 
(HPTS) 
l-Decende-4-phenyl-
thiosemicarbazide 
(DPTS) 
Table 3.1.1 Name and structures of the compounds tested. 
Table 3.1.2 Corrosion parameters for mild steel in IN HCl and IN H2SO4 in absence 
and presence of different concentrations of various inhibitors from weight 
loss measurements at room temperature. 
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Cone. 
(ppm) 
Blank 
LAH 
100 
200 
300 
400 
500 
OAH 
100 
200 
300 
400 
500 
UAH 
100 
200 
300 
400 
500 
Weight loss 
(m) 
112.70 
40.51 
37.77 
36.21 
32.12 
29.86 
33.55 
25.35 
20.10 
18.34 
15.77 
28.17 
21.39 
18.83 
16.64 
13.29 
IN HCl 
I.E. 
(%) 
-
63.05 
66.48 
67.87 
71.50 
73.50 
70.23 
77.50 
82.16 
83.72 
86.00 
75.00 
81.02 
83.29 
85.23 
88.20 
C.R 
(mmpy) 
62.80 
22.57 
21.05 
21.81 
17.89 
16.64 
18.69 
14.12 
11.20 
10.22 
8.78 
15.69 
11.92 
10.49 
9.27 
7.40 
IN H2SO4 
Weight loss 
(gm) 
102.70 
35.62 
29.26 
27.83 
23.10 
20.48 
18.52 
16.61 
14.92 
14.16 
13.33 
11.77 
11.69 
11.50 
9.99 
8.55 
I.E. 
(%) 
65.31 
71.50 
72.90 
77.50 
80.05 
81.96 
83.82 
85.47 
86.21 
87.02 
88.53 
88.61 
88.80 
90.27 
91.67 
CR. 
(mmpy) 
57.23 
19.85 
16.30 
15.51 
12.87 
11.41 
10.32 
9.25 
8.31 
7.89 
7.43 
6.56 
6.51 
6.40 
5.56 
4.76 
Table 3.1.3 Corrosion parameters for mild steel in IN HCl and IN H2SO4 in absence 
and presence of different concentrations of various inhibitors from weight 
loss measurements at room temperature. 
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Cone. 
(ppm) 
Blank 
UPTS 
25 
50 
100 
200 
300 
400 
500 
HPTS 
25 
50 
100 
200 
300 
400 
500 
DPTS 
25 
50 
100 
200 
300 
400 
500 
Weight loss 
(gm) 
112.70 
7.73 
6.99 
6.20 
4.60 
3.80 
2.82 
2.41 
6.46 
4.10 
1.77 
1.34 
0.96 
0.73 
0.66 
8.57 
7.01 
5.01 
2.82 
1.47 
1.00 
0.48 
IN HCl 
I.E. 
(%) 
-
93.14 
93.79 
94.50 
95.89 
96.56 
97.45 
97.86 
94.25 
96.36 
98.43 
98.81 
99.14 
99.35 
99.41 
92.39 
93.78 
95.57 
97.50 
98.69 
99.10 
99.57 
C.R. 
(mmpy) 
62.80 
4.30 
3.89 
3.45 
2.56 
2.12 
1.57 
1.34 
3.61 
2.28 
0.98 
0.74 
0.53 
0.40 
0.36 
4.77 
3.91 
2.79 
1.57 
0.82 
0.55 
0.26 
IN H2SO4 
Weight loss 
(gm) 
102.70 
6.22 
4.50 
2.31 
2.12 
2.02 
1.73 
1.63 
6.01 
4.52 
2.80 
1.74 
1.23 
1.04 
0.80 
2.38 
2.03 
1.63 
1.21 
0.82 
0.66 
0.57 
I.E. 
(%) 
-
93.94 
95.61 
97.73 
97.89 
98.02 
98.32 
98.44 
94.14 
94,14 
97.23 
98.31 
98.81 
99.04 
99.20 
97.68 
98.02 
98.42 
98.80 
99.19 
99.31 
99.44 
C.R. 
(mmpy) 
57.23 
3.46 
2.50 
1.29 
1.18 
1.12 
1.00 
0.91 
3.35 
3.35 
1.56 
0.97 
0.68 
0.58 
0.44 
1.32 
1.11 
0.91 
0.67 
0.45 
0.36 
0.31 
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Figure 3.1.1 Variations of inhibition efficiency with (a) inhibitor concentration (b) 
solution temperature, (c) immersion time, in IN HCl and (a') inhibitor 
concentration, (b') solution temperature, (c') immersion time, in IN H^SO^ 
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Figure 3.1.2 Variations of inhibition efficiency with (a) inhibitor concentration (b) 
solution temperature, (c) immersion time, in IN HCl and (a') inhibitor 
concentration, (b') solution temperature, (c') immersion time, in IN H^SO^ 
l .UPTS;2 . HPTS;3. DPTS 
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Among the acyclic oleochemicals, undecenoic acid (Cn) bearing double bond 
at the terminal position exhibited the best performance as corrosion inhibitor. The 
highest inhibition efficiency exhibited by these compounds may be attributed to its 
adsorption on the metal surface through polar groups as well as through n-electrons 
of the double bond. This leads to greater coverage of metal surface by these 
compounds thereby giving higher inhibition efficiency. The derivatives of lauric acid 
showed lowest inhibition efficiency due to the absence of double bond in 
hydrocarbon chain .OAH and HPTS containing % -bond and 17 carbon atoms showed 
less inhibition efficiency than UAH and DPTS containing 7i-bond and 11 carbon 
atoms because compounds containing more than Cn show less inhibition efficiency 
[11]. The order of inhibition efficiency for fatty acid hydrazides and 
thiosemicarbazide has been found as follows: 
UAH > OAH > LAH 
DPTS >H PTS > UPTS 
The Ea (activation energy) and AGads (free energy of adsorption) values are 
given in Table-3.1.4. It is found that Ea values for inhibited systems are higher than 
that of uninhibited system. The low and negative values of AGads indicate the 
spontaneous adsorption of inhibitors on the surface of mild steel. The negative 
values of AGads also suggest the strong interaction of the inhibitor molecules on to 
the mild steel [12-13]. 
3.1.1.1 APPLICATION OF ADSORPTION ISOTHERMS 
The degree of surface coverage for different concentrations of inhibitors in 
both the acids has been evaluated from weight loss values. The data were tested 
graphically by fitting to various isotherms. A straight line was obtained by plotting 
0 vs log C suggesting that the adsorption of the hydrazides and thiosemicarbazides 
from both the acids on mild surface follows Temkin's adsorption isotherm [14] 
(Figure-3.1.3). 
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Table 3.1.4 Activation energy (Ej) and free energy of adsorption (AGads) for mild steel 
in IN HCl and IN H2SO4 in the absence and presence of various inhibitors. 
Concentration 
(ppm) 
INHCI 
LAH 
OAH 
UAH 
UPTS 
HPTS 
DPTS 
IN H2SO4 
LAH 
OAH 
UAH 
UPTS 
HPTS 
DPTS 
Ea 
(K.Cal/mol) 
J1.31 
12.95 
12.55 
11.83 
11.37 
17.10 
19.49 
11.20 
14.83 
12.41 
16.93 
12.18 
14.84 
20.38 
35°C 
-
6.99 
7.26 
7.35 
8.93 
9.60 
9.77 
-
7.22 
7.32 
7.59 
9.13 
9.35 
9.61 
-AGads 
(K.Cal/mol) 
45°C 55''C 
-
7.33 
7.79 
7.95 
9.37 
9.93 
9.99 
-
7.23 
7.47 
7.80 
9.69 
9.96 
9.67 
-
7.47 
7.82 
8.05 
9.50 
9.92 
10.08 
-
7.55 
7.84 
7.81 
9.87 
9.64 
9.56 
65''C 
-
7.47 
7.87 
8.05 
10.26 
10.00 
9.92 
-
7.45 
7.90 
7.71 
10.26 
9.99 
9.66 
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'igure 3.L3 Temkin's adsorption isotherms plots for the adsorption of various inhibitors in (a) IN HCl 
and (b) IN H2SO4 on the surface of mild steel. 
l.LAH; 2.0AH; 3.UAH; 4.UPTS; 5.HPTS; 6.DPTS 
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3.1.2 POTENTIODYNAMIC POLARIZATION STUDIES 
The potentiodynamic polarization behaviour mild steel in IN HCl and IN 
H2SO4 in the presence and absence of different hydrazides and thiosemicarbazides at 
500 ppm at 28 ± 2°C is shown in Figure 3.1.4 and 3.1.5 respectively. Various 
corrosion parameters such as Ecorr, Icorr and % I.E. are given in Table-3.1.5. It is 
observed from the results that the presence of acid hydrazides and 
thiosemicarbazides lowers the Icorr values. Maximum decrease in Icorr was observed in 
presence of UAH (Undecenoic acid hydrazide) indicating that UAH is most effective 
corrosion inhibitor among the studied hydrazides. In case of fatty acid 
thiosemicarbazides, DPTS showed maximum decrease in Icorr value. 
It has also been observed that all the hydrazides and thiosemicarbazides do not 
cause any appreciable change in Ecorr values in both the acid solutions, thereby 
suggesting that all the inhibitors are of mixed type. 
3.1.3 IMPEDANCE STUDIES 
Nyquist plots obtained for the frequency of 5 Hz - 100 Hz at the open circuit 
potential (OCP) for mild steel in IN HCl in the presence and absence of different 
concentration of a hydrazides and a thiosemicarbazides at 28 ± 1°C are shown in 
Figure-3.1.6. 
It is seen that the Nyquist plots obtained are not perfect semicircles, and this 
difference may be attributed to frequency dispersion [15]. The charge transfer 
resistance (Rt) has been calculated using Nyquist plots from the difference in the 
impedance at low and high frequencies as suggested by Haruyama and Tsuru [16]. 
Double layer capacitance ( d i ) values were calculated using Bode plots [17]. It is 
seen that the addition of increasing concentrations of UAH and DPTS increases Rt 
values and decreases Cdi values in IN HCl. These observations indicate that the 
corrosion of mild steel in IN HCl is mainly controlled by charge transfer process and 
the inhibition of corrosion occurs by adsorption mechanism [18]. 
Table 3.1.5 Electrochemical polarization parameters for the corrosion of mild steel in 
IN HCl and IN H2SO4 containing optimum concentration of various 
inhibitors at room temperature. 
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Cone. 
(ppm) 
Blank 
LAH 
500 
OAH 
500 
UAH 
500 
UPTS 
500 
HPTS 
500 
DPTS 
500 
(mV vs SCE) 
-596 
-604 
-605 
-612 
-603 
-604 
-604 
IN HCl 
Icon-
(m.A.cm''^ ) 
0.350 
0.175 
0.110 
0.225 
0.067 
0.045 
0.038 
I.E. 
(%) 
-
35.71 
50.00 
68.57 
80.85 
87.14 
89.14 
IN H2SO4 
t^Mtr 
(mV vs SCE) 
-568 
-554 
-575 
-556 
-552 
-559 
-556 
icorr 
(m.A.cm'^) 
0.37 
0.085 
0.055 
0.160 
0.034 
0.026 
0.018 
I.E. 
(%) 
-
56.75 
77.03 
85.13 
90.81 
92.97 
95.13 
0.01 0.1 1-0 
Current density (mA cm~-) 
10 
Figure 3.1,4 Potentiodynamic polarization curves for mild steel in (a) IN HCl and (b) 
IN H2S0_,in the absence and presence of various inhibitors at optimum 
concentration 
1. Blank; 2.LAH; 3.0AH; and 4.UAH. 
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Figure 3.1.5 Potentiodynamic polarization curves for mild steel in (a) IN HCl and (b) 
IN HjSO^in the absence and presence of various inhibitors at optimum 
concentration 
1. Blank; 2UPTS; 3.HPTS; and 4.DPTS. 
Table 3.1.6 Electrochemical impedance parameter for mild steel in IN HCl containing 
different concentration of DPTS at room temperature. 
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Cone. 
(ppm) 
IN HCl 
UAH 
100 
500 
DPTS 
100 
500 
Rt 
(ohm cm )^ 
18.0 
44.0 
75.0 
529.0 
1000.0 
Cdi 
(^ifcm-^) 
1412.63 
1000.00 
380.19 
125.89 
56.23 
I.E. 
(%) 
-
59.98 
76.52 
96.67 
98.24 
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Figure 3.L6. Kyquist plots and Bode plots for mild steel in absence and presence of MOO ppm 
and 2 500 ppm of acyclic oieochemicais 
(a) IN HCl; (b) UAH and (c) DPTS 
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The values of Rt, Cdi and %IE for mild steel in INHCl in the presence and 
absence of different concentration of UAH and DPTS are given in Table 3.1.6. The 
inhibition efficiency obtained from electrochemical impedance data is greater for 
thiosemicarbazide (DPTS) than the corresponding hydrazide (UAH), which is in 
agreement with weight loss and potentiodynamic polarization studies. 
3.1.4 SCANNING ELECTRON MICROSCOPIC STUDIES 
It is seen that the surface of mild steel immersed in inhibited solution is 
smoother than that in IN HCl alone. These observations suggest that inhibitors form 
protective layer on the metal surface, which prevents attack of acid on metal surface 
(Figure-3.1.7). 
3.1.5 X-RAY DIFFRACTION STUDIES. 
The X-ray diffraction (XRD) patterns of the mild steel specimens immersed in 
test solutions with and without inhibitors are shown in Figure-3.1.8. The specimen 
immersed in IN HCl solution shows presence of iron peaks corresponding to 2G 
values 44.7° and 64.9° whereas specimen immersed in INHCl containing UAH and 
DPTS show peaks (28 = 5.09°, 8.81 ° for UAH and 5.09°, 5.37°, 13.69°, 17.19° for 
DPTS) in addition to the iron peaks of low intensity [19]. This may be attributed to 
the presence of a film of organic molecules at the metal surface. 
3.1.6 AUGER ELECTRON SPECTROSCOPIC STUDIES 
Auger electron spectrum obtained for plain mild steel and mild steel exposed 
to IN HCl containing 500 ppm of DPTS are shown in Figure 3.3.9. The appearance 
of peaks at 148 and 376 eV respectively indicate the adsorption of DPTS on the 
metal surface through S and N atoms. 
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Figure 3.1.7 Scanning electron micrographs for mild steel surface in 
absence and presence of inhibitors; 
(a) mild steel in IN HCl, (b) mild steel in presence of UAH 
and (c) mild steel in presence of DPTS. 
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Figure 3.1.8. X-ray diflfraction patterns for mild steel surface in IN HCl in absence and presence 
of various inhibitors: 
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Figure 3.1.9 Auger electron spectrum for (a) polished mild steel and 
(b) mild steel exposed to DPTS. 
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3.1.6 CONCLUSIONS 
The main conclusions drawn from these studies are: 
1. All the investigated acyclic oleochemicals show good inhibition efficiency in 
the acidic solutions. 
2. The inhibition efficiency of thiosemicarbazides of fatty acid is higher than the 
hydrazides of fatty acids. 
3. The adsorption of all the compounds on the mild steel surface from the acidic 
solutions obeys Temkin's adsorption isotherm. 
4. All the investigated acyclic oleochemicals behaved as mixed inhibitors in both 
the acidic solutions. 
5. Addition of increasing concentration of UAH and DPTS decreases d i values 
and increases Rt values and % I.E. 
6. SEM photographs of mild steel exposed to IN HCl in presence of UAH and 
DPTS show smooth surfaces as compared to mild steel exposed to IN HCl 
alone. 
7. XRD patterns of inhibited mild steel coupons reduce the intensity of iron 
peaks thereby indicating the presence of organic molecules on the metal 
surface. 
8. AES studies confirm the adsorption of acyclic oleochemicals through nitrogen 
and sulphur atoms. 
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j ^ ^ x a d i a z o l e s and triazoles are medicinally important heterocyclic 
/ ^ m o l e c u l e s , which have been reported to exhibit wide range of 
^ ^ - ^ biological activities [20-31]. Azoles are excellent corrosion 
inhibitors for copper [32-33], Zinc [34] bronze [35] and steel [36-39]. Fatty acids 
containing long chain of carbon atoms also constitute an important and potential 
class of corrosion inhibiting chemicals. 
In the present study, fatty acid derivatives of oxadiazoles and triazoles have 
been synthesized to investigate their influence on corrosion of mild steel in IN HCl 
and IN H2SO4. The molecular structures and others details of these heterocyclic 
oleochemicals used as corrosion inhibitors are given in Table 3.2 1. 
3.2.1 WEIGHT LOSS STUDIES 
The various corrosion parameters such as percentage inhibition efficiency and 
corrosion rate for mild steel in IN HCl and IN H2SO4 in the absence and presence of 
various fatty acid oxadiazoles and fatty acid triazoles at different concentrations at 
35°C are summarized in TabIe-3.2.2 and 3.2.3. It has been observed from the results 
that inhibition efficiency for all the compound increases with the increase in 
concentration. The maximum inhibition efficiency of each compound was achieved at 
500 ppm. It is reported that compounds containing N- and S- atoms in the same 
molecule are better corrosion inhibitor than either type alone [40]. The compounds 
studied in the present study have both N-and S- atoms, thus they have exhibited 
excellent performance as inhibitors for the corrosion of mild steel in IN HCl and IN 
H2SO4 even at a concentration as low as 25 ppm. 
The effect of inhibitor concentration, solution temperature and immersion time 
on inhibition efficiency of fatty acid oxadiazoles and triazoles has been shown in 
Figure 3.2.1 and 3.2.2 respectively. The following observations have been noted: 
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S.No. Structure Designation & abbreviation 
N N 
X k CH3-^CH,),^^0^-SH 
CH3-<CH,),-<:H=CH-(CH,). 
N hi 
IT 
CH3-<CH,) ; :^N'^SH 
2-Undecan&-5-mercapto- 1-oxa-
3,4-diazole 
(UMOD) 
2-Heptadecene-5-mercapto- 1-oxa 
-3,4~diazole 
(HMOD) 
2-Deceiie-5-mercapto- 1-oxa-
3,4-diazole 
(DMOD) 
3-Undecance-4-ar>d-5-mercapto-
1,2,4-trizole 
(UAMT) 
CH3-(CH,X-CH=CH-(CH,), 
N — ^ f 
X A SH 
3-Heptadecene-4-aryl-5-mercapto-
1,2,4-triazole 
(HAMT) 
N — ^ f 
X A 
CH^= CH- (CH,)3 '^N'^^SH 
3-Decene-4-aryl- 5-mercapto-
1,2,4-triazole 
(DAMT) 
Table 3.2.1 Name and structure of the heterocyclic oleochemicals used. 
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Table 3.2.2 Corrosion parameters for mild steel in IN HCl and IN H2SO4 in absence 
and presence of different concentrations of various inhibitors from weight 
loss measurements at room temperature. 
Cone. 
(ppm) 
Blank 
UMOD 
25 
50 
100 
200 
300 
400 
500 
HMOD 
25 
50 
100 
200 
300 
400 
500 
DMOD 
25 
50 
100 
200 
300 
400 
500 
Weight loss 
(gm) 
112.70 
6.71 
5.91 
4.70 
3.72 
3.24 
2.83 
2.74 
10.58 
6.83 
4.44 
3.51 
2.71 
2.34 
1.92 
5.69 
3.40 
2.62 
2.21 
1.82 
1.43 
1.33 
IN HCl 
I.E. 
(%) 
-
94.04 
94.75 
95.82 
96.70 
97.11 
97.47 
97.62 
90.61 
93.94 
96.07 
96.85 
97.62 
97.97 
98.30 
94.95 
96.98 
97.70 
98.05 
98.36 
98.71 
98.85 
C.R. 
(mmpy) 
62.80 
3.74 
3.29 
2.62 
2.07 
1.80 
1.57 
1.52 
5.89 
3.80 
2.47 
1.95 
1.51 
1.30 
1.07 
3.17 
1.89 
1.46 
1.23 
1.01 
0.79 
0.74 
IN H2SO4 
Weight loss 
(gm) 
102.70 
7.46 
7.04 
3.41 
2.50 
2.20 
1.80 
1.61 
9.01 
5.91 
2.11 
1.83 
1.42 
1.31 
1.12 
7.26 
3.73 
1.31 
1.00 
0.92 
0.73 
0.52 
I.E. 
(%) 
-
92.73 
93.14 
96.70 
97.54 
97.80 
98.25 
98.44 
91,22 
94.24 
97.71 
98.19 
98.59 
98.75 
98.93 
92.93 
96.36 
98.69 
99.05 
99.13 
99.29 
99.46 
C.R 
(mmpy) 
57.23 
4.15 
3.92 
1.90 
1.39 
1.22 
1.00 
0.89 
5.0 
3.29 
1.17 
1.00 
0.78 
0.74 
0.61 
4.04 
2.08 
0.72 
0.55 
0.50 
0.39 
0.28 
Table 3.2.3 Corrosion parameters for mild steel in IN HCl and IN H2SO4 in absence 
and presence of different concentrations of various inhibitors from weight 
loss measurements at room temperature. 
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Cone. 
(ppm) 
Blank 
UAMT 
25 
50 
100 
200 
300 
400 
500 
HAMT 
25 
50 
100 
200 
300 
400 
500 
DAMT 
25 
50 
100 
200 
300 
400 
500 
Weight loss 
(gm) 
112.70 
6.03 
4.64 
3.61 
3.12 
2.64 
2.22 
2.13 
13.87 
10.14 
4.63 
3.24 
2.21 
1.70 
1.43 
3.75 
3.50 
2.65 
1.81 
1.53 
1.14 
1.01 
IN HCl 
I.E. 
(%) 
-
94.65 
95.88 
96.78 
97.24 
97.71 
98.05 
98.01 
87.69 
91.00 
95.86 
97.12 
98.00 
98.49 
98.71 
96.67 
96.89 
97.67 
98.39 
98.62 
98.98 
99.14 
C.R. 
(mmpy) 
62.80 
3.36 
2.58 
2.01 
1.73 
1.45 
1.22 
1.77 
7.73 
5.65 
2.56 
1.78 
1.22 
0.94 
0.78 
2.09 
1.95 
1.45 
1.00 
0.83 
0.61 
0.55 
IN H2SO4 
Weight loss 
(gm) 
102.70 
6.53 
2.50 
1.32 
1.12 
0.94 
0.92 
0.81 
5.90 
2.07 
1.43 
0.94 
0.72 
0.62 
0.57 
3.84 
3.07 
2.52 
1.73 
1.02 
0.57 
0.40 
I.E. 
(%) 
-
93.64 
97.47 
98.75 
98.93 
99.13 
99.16 
99.21 
94.25 
97.98 
98.66 
99.09 
99.27 
99.39 
99.44 
96,26 
97.01 
97.56 
98.30 
99.02 
99.44 
99.57 
C.R. 
(mmpy) 
57.23 
3.64 
1.44 
0.72 
0.61 
0.52 
0.51 
0.44 
2.83 
1.15 
0.78 
0.50 
0.39 
0.34 
0.31 
2.14 
1.71 
1.39 
0.94 
0.55 
0.32 
0.22 
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100 300 500 35 t^S 55 65 2 ^ 5 
Cone, (ppm) Temp. ("C) Time (Hours) 
Figure 3.2.1 Variations of inhibition efficiency with (a) inhibitor concentration (b) 
solution temperature, (c) immersion time, in IN HCl and (a') inhibitor 
concentration, (b') solution temperature, (c') immersion time, in IN H^SO^ 
1. UMOD; 2. HMOD; 3. DMOD 
100 300 500 
Cone, (ppm) 
k5 55 65 
Temp. CO 
2 V 6 
Time (Hours) 
Figure 3.2.2 Variations of inhibition efficiency with (a) inhibitor concentration (b) 
solution temperature, (c) immersion time, in IN HCl and (a') inhibitor 
concentration, (b') solution temperature, (c') immersion time, in IN H^SO^ 
1. UAMT; 2. HAMT; 3. DAMT 
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(i) the inhibition efficiency of all the tested heterocylic oleochemicals increases 
with increase in concentration of inhibitors in both the acids. Maximum 
inhibition efficiency was found at 500 ppm. 
(ii) the inhibition efficiency for all of the fatty acid oxadiazoles and triazoles, 
except UAMT in IN HCl decreases with an increase in temperature from 
35°C to 65°C,while in case of UAMT the inhibition efficiency does not change 
with the rise in temperature from 35°C - 65°C. 
(iii) the inhibition efficiency of the fatty acid oxadiazoles increases with increase in 
immersion time from 2 hour - 6 hour, indicating the enhanced stability and 
persistency of the inhibitor film on to the metal surface, while in case of the 
fatty acid triazoles, no significant change in inhibition efficiency with rise in 
the temperature is observed. 
. The corrosion inhibiting properties of the oxadiazoles and triazoles can be 
explained as follows. 
(i) Interaction of ;i-electrons of the oxadiazoles and triazoles with the metal. 
(ii) Interaction of lone pair of electrons of hetero atoms (i.e., O, N and S) with 
the metal surface. 
In the present study the fatty acid triazoles have been found to exhibit 
superior corrosion inhibiting properties than the corresponding fatty acid 
oxadiazoles. This may be attributed to the presence of more number of hetero atoms 
(active sites) and the presence of an extra benzene ring in the triazoles. 
The values of activation energy. (E,) and free energy of adsorption (AGads ) at 
different temperatures are given in Table-3.2.4. It is found that Ea values for 
inhibited systems are higher than the uninhibited ones, except for UAMT in IN HCl, 
indicating that all inhibitors except UAMT in IN HCl are more effective at room 
temperature. The Ea values for UAMT is less than the Ea for IN HCl alone, hence it 
Table 3.2.4 Activation energy (Ea) and free energy of adsorption (AGads) for mild steel 
in IN HCl and IN H2SO4 in the absence and presence of various inhibitors. 
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Concentration 
(ppm) 
IN HCl 
UMOD 
HMOD 
DMOD 
UAMT 
HAMT 
DAMT 
IN H2SO4 
UMOD 
HMOD 
DMOD 
UAMT 
HAMT 
DAMT 
Ea 
(K.Cal/mol) 
11.31 
13.50 
14.39 
12.19 
10.53 
12.01 
16.49 
11.20 
15.45 
14.92 
1.69 
15.69 
16.13 
17.80 
35°C 
-
8.83 
8.90 
9.11 
8.96 
9.08 
9.28 
-
9.09 
9.18 
9.57 
9.51 
9.58 
9.71 
-AGads 
(K.Cal/mol) 
45°C 55°C 
-
9.09 
9.43 
9.59 
9.45 
9.46 
9.62 
-
9.32 
9.30 
9.87 
9.58 
9.70 
9.85 
-
9.35 
9.67 
10.04 
9.82 
9.85 
9.57 
-
9.31 
9.65 
10.34 
9.82 
10.16 
10.30 
65°C 
-
9.47 
9.51 
9.96 
10.00 
9.92 
9.68 
-
9.55 
9.72 
0.46 
10.00 
10.06 
10.10 
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exhibits high inhibition efficiency at elevated temperatures than at room 
temperatures. The higher values of inhibition efficiency at higher temperatures may 
be due to higher activation energy for adsorption [41]. The low and negative values 
of AGads also suggest the strong interaction of the inhibitor molecules on to the 
mild steel [12-13]. 
3.2.1.1 APPLICATION ADSORPTION ISOTHERMS 
The values of surface coverage (9) obtained from weight loss data were 
plotted against log C for different concentrations of the compounds. The straight 
line thus obtained indicates that the adsorption of these compounds, from both IN 
HCl and IN H2SO4 on the mild steel surface follows Temkin's adsorption isotherms 
(Figure 3.2.3). 
3.2.2 POTENTIODYNAMIC POLARIZATION STUDIES 
The cathodic and anodic polarization curves of mild steel in IN HCl and 
IN H2SO4 in the presence and absence of different fatty acid oxadiazoles and fatty 
acid triazoles at 500 ppm concentration at 28 ± 2°C are shown in Figure-3.2.4 and 
3.2.5 and various corrosion parameters such as Ecorr, Icorrr and % I.E. obtained from 
these curves are given in Table-3.2.5. It is observed that Icorr values decrease 
significantly in the presence of inhibitors. Maximum decrease in Icorr was observed in 
case of DMOD among the oxadiazoles and DAMT among the triazoles.. 
Ecorr values do not show any significant change in presence of these 
compounds except HAMT in IN HCl, suggesting that these compounds are mixed 
type inhibitors. HAMT has been found to act predominantly as cathodic inhibitor in 
INHCl. 
A noteworthy feature of these investigations is that the fatty acid oxadiazoles 
and triazoles exhibit better performance in sulphuric acid than in hydrochloric acid. 
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Figure 3.2.3 Temkin's adsorption isotherms plots for the adsorption of various inhibitors in (a) IN HCl 
and (b) IN H2SO4 on the surface of mild steel 
l.UMOD; 2.HM0D; 3.DM0D; 4.UAMT; 5.HAMT; 6.D.4MT 
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Table 3.2,5 Electrochemical polarization parameters for the corrosion of mild steel in 
IN HCl and IN H2SO4 containing optimum concentration of various 
inhibitors at room temperature. 
Cone. 
(ppm) 
Blank 
UMOD 
500 
HMOD 
500 
DMOD 
500 
UAMT 
500 
HAMT 
500 
DAMT 
500 
t-'COIT 
(mV vs SCE) 
-596 
-596 
-595 
-597 
-600 
-618 
-596 
IN HCl 
^corr 
(m.A.cm'^) 
0.350 
0.084 
0.062 
0.057 
0.054 
0.047 
0.042 
I.E. 
(%) 
-
76.00 
82.28 
83.71 
84.57 
86.57 
88.00 
IN H2SO4 
E 
'-'corr (mV vs SCE) 
-568 
-564 
-573 
-552 
-572 
-563 
-563 
Icon-
Cm.A.cm'^ ) 
0.37 
0.052 
0.043 
0.019 
0.024 
0.016 
0.013 
I.E. 
(%) 
-
85.94 
88.37 
94.86 
93.51 
95.67 
96.48 
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Figure 3.2,4 Potentiodynamic polarization curves for mild steel in (a) IN HCl and (b) 
IN HjSOjin the absence and presence of various inhibitors at optimum 
concentration 
1. Blank; 2 UMOD; 3.HM0D; and 4.DM0D 
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Figure 3.2.5 Potentiodynamic polarization curves for mild steel in (a) IN HCl and (b) 
IN H^SO i^n the absence and presence of various inhibitors at optimum 
concentration 
1. Blank; 2.UAMT; 3.HAMT; and 4.DAMT. 
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3.2.3 IMPEDANCE STUDIES 
Nyquist plots obtained for the frequency range of 5Hz -100 KHz at the open 
circuit potential (OCP) for mild steel in IN HCl in the presence and absence of 
different concentrations of an oxadiazole and a triazole, understudy, are shown in 
Figure-3.2.6. Impedance parameters such as R| and % I.E. derived from Nyquist 
plots and Cai derived from Bode plots are given in Table 3.2.6. It is obvious from 
the results that Rt values increases and Cai values decreases with the increase in 
concentration of the inhibitors. These observations indicate that the corrosion of 
mild steel in IN HCl is mainly controlled by charge transfer process and the 
inhibition of corrosion occurs by adsorption mechanism [18]. 
3.2.4 SCANNING ELECTRON MICROSCOPIC STUDIES 
It is seen that the surface of mild steel immersed in inhibited solution is 
smoother than that in INHCl alone. These observations suggest that inhibitors form 
protective layer on the metal surface, which prevents attack of acid on metal surface. 
Photographs shown in Figure 3.2.7 show the morphology of the mild steel surfaces 
in the absence and presence of DMOD and DAMT. 
3.2.5 X-RAY DIFFRACTION STUDIES 
The X-ray diffraction (XRD) patterns of the films formed at the surface of the 
metal specimens immersed in various test solutions are given in Figure3.2.8. Lower 
values of iron peaks intensity corresponding to 29 values, 44.6 and 65.0 and also 
presence of various peaks (29 = 5.13^ 8.89^ n.OQ^for DMOD and 5.45°, 10.85", 
16.26 for DAMT [19], indicate the formation of the film of organic molecule on the 
metal surface. 
Table 3.2.6 Electrochemical impedance parameter for mild steel in IN HCl containing 
different concentration of DPTS at room temperature. 
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Cone. 
(ppm) 
IN HCl 
UMOD 
100 
500 
DAMT 
100 
500 
Rt 
(ohm cm^) 
18.02 
441.67 
605.00 
664.4 
928.3 
Cdi 
(nfcm-2) 
1412.63 
120.82 
69.72 
74.99 
55.98 
I.E. 
(%) 
-
91.44 
95.06 
94.69 
5'6.04 
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Figure 3.2.6 Nyquist plots and Bode plots for mild steel in absence and presence of M (•: ppm 
and 2.500 ppm of heterocyclic oleochemicals 
(a) IN HCl; (b) DMOD and (c) DAMT. 
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( a ) 
( b ) 
( c ) 
Figure 3.2.7 Scanning electron micrographs for mild steel surface in 
absence ar.i presence of inhibitors; 
(a) mild stee. m IN HCl, (b) mild steel in presence of 
DMOD anc (c) mild steel in presence of DAMT. 
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Figure 3.2.8. X-ray diffraction patterns for mild steel surface in IN HCl in absence and presence 
of various inhibitors: 
(a) IN HCl; (b) DMOD and (c) DAMT. 
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3.2.6 AUGER ELECTRON SPECTROSCOPIC STUDIES 
Auger electron spectrum obtained for plain mild steel and mild steel exposed 
to IN HCl containing 500 ppm of DAMT are shown in Figure 3.3.9. The appearance 
of peaks at 152 and 380 eV respectively indicate the adsorption of DAMT on the 
metal surface through S and N atoms. 
3.2.7 CONCLUSIONS 
1. The fatty acid oxadiazoles and triazoles behave as excellent corrosion 
inhibitors in both hydrochloric as well as sulphuric acid media. 
2. The fatty acid triazoles act as better corrosion inhibitors than the fatty acid 
oxadiazoles. 
3. All of the compounds examined act as mixed inhibitors in both the acids 
except HAMT, which behave predominantly as cathodic inhibitor in IN HCl. 
4. All of the tested compounds inhibit corrosion of mild steel in acidic solutions 
by adsorption mechanism and the adsorption of these compounds on the metal 
surface obeys Temkin's adsorption isotherm. 
5. Addition of increasing concentration of DMOD and DAMT decreases d i 
values and increases Rt. and % I.E. values. 
6. SEM micrographs of mild steel exposed to inhibitors, DMOD and DAMT 
solutions show smoOth surfaces. 
7. XRD pattern confirms that the protection of mild steel is due to the 
adsorption of organic molecules on the metal surface. 
8. AES studies confirm the adsorption of heterocyclic oleochemicals through 
nitrogen and sulphur atoms. 
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Figure 3,2.9 Auger electron spectrum for (a) polished mild steel and 
(b) mild steel exposed to DAMT. 
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Idehydes and thiosemicarbazide [42-45] are good corrosion inhibitors, 
however, the investigation on condensation products of the aldehydes and 
thiosemicarbazides as corrosion inhibitors appears to be scanty. 
In present investigation we have synthesized a few condensation products namely, 1-
dimethylaminobenzaldehyde thiosemicarbazone (DTS). 1-vanilline thiosemicarbazone (VTS), 1-
salicyaldehyde thiosemicarbazone (STS), 1-benzaldehyde thiosemicarbazone (BTS) and 1^  
cinnamaldehyde thiosemicarbazone (CTS) and studied their inhibiting properties on corrosion of 
mild steel in acidic solutions. The molecular structures and other details of the inhibitors are given 
in Table 3.3.1 
3.3.1 WEIGHT LOSS STUDIES 
The values of percentage inhibition efficiency and corrosion rate obtained from weight loss 
method at different concentrations at 35°C are summarized in Table 3.3.2. It is found from the 
results that all the condensation products under investigation are good corrosion inhibitors for 
mild steel in both the acids even at a concentration as low as 25 ppm. It has also been observed 
that the inhibition efficiency for all the compounds increased with the increase in concentration. 
The maximum inhibition efficiency for each of the compounds was achieved at 300 ppm in IN 
HCl and at 200 ppm in IN H2SO4 and further increase in concentration did not cause any 
appreciable change in the performance of the inhibitors. 
The effectiveness of a compound as a corrosion inhibitor depends on its structure [46]. 
The inhibition of corrosion caused by the condensation products can be due to interactions 
between 7t-electrons of benzene ring and lone pair of electrons present on N - and S- atoms, with 
the metal surface. The presence of azomethine group (-C = N-) also play a major role in increasing 
the inhibition efficiency. The variation in inhibitive performance mainly depends on the type and 
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S.No. 
1 
2 
3 
4 
5 
Structure 
s cn. 
I  /=\ / ' 
NHj-C-NHN^CH—^^ ^ N 
s /°« 
NH2-C-NHN=CH-^ y^OCH, 
II > = \ 
NH2-C-NHN=CH—^^ ^ 
S 
NH2-C-NHN=CH-^^ ^ 
S 
NH2-C-NHN=CH-CH=CH--{^ ^ 
Designation & abbreviation 
1 -Dimethyl aminobenzaldehyde 
thiosemcarbazone 
(DTS) 
1 -Vanillin thiosemicarbazone 
(VTS) 
1-Salicylaldehyde thiosemicar-
bazone 
(STS) 
1 -Benzaldehyde thiosemicar-
bazone 
(BTS) 
1 -Cinnamaldehyde thiosemicar-
bazone 
(CTS) 
Table 3.3.1 Name and structures of the cndensation products used. 
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Table 3.2.2 Corrosion parameters for mild steel in IN HCl and IN H2SO4 in absence 
and presence of different concentrations of various inhibitors from weight 
Cone. 
(ppm) 
Blank 
DTS 
25 
50 
100 
200 
300 
400 
500 
VTS 
25 
50 
100 
200 
300 
400 
500 
STS 
25 
50 
100 
200 
300 
400 
500 
BTS 
25 
50 
100 
200 
300 
400 
500 
CTS 
25 
50 
100 
200 
300 
400 
500 
loss measurements at room temperat 
IN HCl 
Weight loss 
(gm) 
112.70 
6.03 
4.30 
3.03 
2.98 
2.79 
2.79 
2.70 
43.50 
16.40 
5.10 
4.44 
3.38 
2.94 
2.64 
16.60 
9.00 
4.40 
2.80 
1.99 
1.21 
1.01 
12.90 
5.00 
3.81 
2.23 
1.61 
0.94 
0.75 
8.34 
3.32 
2.22 
1.46 
0.74 
0.35 
0.31 
I.E. 
(%) 
-
94.65 
95.85 
97.31 
97.35 
97.52 
97.52. 
97.60 
61.35 
85.47 
95.47 
96.06 
97.00 
97.39 
97.65 
85.26 
92.02 
96.09 
97.51 
98.23 
98.92 
99.10 
88.49 
95.56 
%.62 
97.98 
98.54 
99.18 
99.38 
92.63 
97.05 
97.99 
98.70 
99.34 
99.69 
99.72 
C.R. 
(mmpy) 
62.80 
3.34 
2.56 
1.69 
1.66 
1.55 
1.55 
1.50 
24.24 
9.14 
2.84 
2.47 
1.88 
1.64 
1.47 
9.25 
5.01 
2.45 
1.56 
1.11 
0.67 
0.56 
7.18 
2.78 
2.12. 
1.26 
0.91 
0.51 
0.39 
4.62 
1.84 
1.26 
0.81 
0.41 
0.19 
0.17 
ure. 
Weight loss 
(gm) 
102.70 
10.00 
4.92 
1.90 
1.45 
1.23 
1.17 
1.05 
26.52 
16.82 
1.26 
1.15 
1.04 
0.99 
0.% 
15.41 
9.31 
1.04 
1.03 
1.02 
0.92 
0.89 
14.62 
3.33 
1.42 
0.96 
0.86 
0.76 
0.64 
4.53 
1.41 
1.52 
1.12 
0.95 
0.51 
0.40 
INH2SO4 
I.E. 
(%) 
90.27 
95.20 
98.15 
98.58 
98.80 
98.86 
98.97 
74.19 
83.65 
98.77 
98.88 
98.98 
99.03 
99.06 
84.95 
90.92 
98.98 
98.99 
99.00 
99.10 
99.13 
85.73 
96.75 
98.61 
98.61 
99.16 
99.26 
99.37 
95.59 
98.57 
98.88 
98.91 
99.07 
99.50 
99.61 
C.R. 
(mmpy) 
57.23 
5.57 
2.73 
1.06 
0.81 
0.68 
0.65 
0.58 
14.76 
9.36 
0.70 
0.64 
0.58 
0.55 
0.53 
8.58 
5.18 
0.58 
0.57 
0.56 
0.51 
0.49 
8.13 
1.84 
0.79 
0.79 
0.48 
0.42 
0.35 
2.50 
0.78 
0.64 
0.62 
0.53 
0.28 
0.22 
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nature of the substituent present in the inhibitor molecule [47]. Among the compounds 
investigated in the present study, CTS has been found to give the best performance as corrosion 
inhibitor. This can be explained on the basis of the presence of an additional 7r-bond between 
carbon atom (-C = C-) in conjugation with azomethine (- C = N -) group. These extensively 
delocalized 7i-electrons favour greater adsorption on the metal surface as compared to other 
compounds. The lesser inhibition efficiency shown by DTS, STS and VTS as compared to BTS 
may be attributed to the orientation of substituent groups which prevent their flat orientation on 
the metal surface causing less adsorption thereby less inhibition. Similar explanation has been 
given by Rangamani et al [48]. 
The influence of inhibitor concentration, solution temperature and immersion time on 
inhibition efficiency of the condensation products has been shov^ oi in Figure 3.3.1. It is seen that: 
(i) the inhibition efficiency for all the investigated condensation products increases with 
increase in inhibitor concentration in both the acids and maximum inhibition efficiency was 
achieved at a concentration of 300 ppm in IN HCl and 200 ppm in IN H2SO4. 
(ii) the inhibition efficiency for all the compounds, except VTS and CTS in IN HCl, decreases 
with an increase in solution temperature from 35°C to 65°C. This observation indicates 
that the inhibitive film formed on the metal surface is less protective in nature at higher 
temperatures due to the desorption of the inhibitor molecules from the metal surface. 
(iii) the increase in inunersion time from 2 hour to 6 hour does not effect the inhibition 
efficiency of the condensation products. 
The values of activation energy (Ea) and free energy of adsorption (AGads) are given in 
Table 3.3.3. It is seen that the values of activation energy of all the inhibited system are higher 
Table 3.3.3 Activation energy (Ea) and free energy of adsorption (AGads) for mild steel 
in IN HCl and IN H2SO4 in the absence and presence of various 
inhibitors. 
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Concentration 
(ppm) 
IN HCl 
DTS 
VTS 
STS 
BTS 
CTS 
IN H2SO4 
DTS 
VTS 
STS 
BTS 
CTS 
Ea 
(K.Cal/mol) 
11.31 
16.89 
10.14 
27.14 
12.31 
7.41 
11.20 
14.24 
13.29 
25.64 
22.78 
16.27 
SS^C 
-
8.37 
8.39 
8.88 
9.05 
9.64 
-
8.91 
8.96 
8.91 
9.04 
8.02 
-AGads 
(K.Cal/mol) 
45''C 55°C 
-
8.75 
8.87 
8.88 
9.46 
10.35 
-
8.91 
9.12 
8.75 
8.95 
9.66 
-
8.69 
9.12 
8.71 
9.69 
10.77 
-
9.21 
9.22 
8.65 
8.92 
9.49 
esT 
-
8.65 
9.43 
7.48 
9.85 
11.00 
-
9.28 
9.62 
8.34 
8.80 
9.44 
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Figure 3,3.1- Variations of inhibition efficiency with (a) inhibitor concentration (b) 
solution temperature, (c) immersion time, in IN HCl and (a') inhibitor 
concentration, (b') solution temperature, (c') immersion time, in IN H,SO^ 
I. DTS; 2. VTS; 3. STS: 4. BTS; 5. CTS 
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than that of uninhibited system except VTS and CTS in IN HCl. According to Putilova [49] this 
type of inhibitors are effective at room temperature and less effective at higher temperatures. The 
inhibition efficiency in case of VTS and CTS in IN HCl increased with the rise in temperature. 
According to Arrhenius, the chemical reaction rate increases exponentially with temperature. The 
rate of chemical reactions with high activation energy increases more rapidly than reaction with 
low activation energy as temperature is raised [50 ]. The low and negative values of A Gads 
indicate the spontaneous adsorption of inhibitors on the surface of mild steel [51]. 
3.3.1.1 APPLICATION OF ADSORPTION ISOTHERM 
The surface coverage values (9) were evaluated using values of inhibition efficiency 
obtained from weight loss method. The 9 values for different concentration of inhibitors fi-om 
both the acids were tested graphically by fitting to various isotherms. Temkin's adsorption 
isotherm was tested by plotting 9 vs log C, where C is concentration of inhibitor. A straight line 
relationship indicated that the adsorption of the compounds from both the acids followed 
Temkin's adsorption isotherm (Figure 3.3.2 ) 
3.3.2 POTENTIODYNAMIC POLARIZATION STUDIES 
The cathodic and anodic polarization curves of mild steel in IN HCl and IN H2SO4 in the 
presence and absence of different inhibitors at 500 ppm concentration at 28 ± 2 °C are shown in 
Figure 3.3.3. Various corrosion kinetic parameters such as corrosion current (Icorr), corrosion 
potential (E^)are given in Table 3.3.4. It is found fi-om the result that presence of inhibitors 
decreased l^ values. Maximum decrease in I coa was observed in case of CTS that suggesting 
CTS as the most effective inhibitor among the studied inhibitors. It is also observed that ECOT 
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values do not show any significant change in the presence of the inhibitors suggesting that all these 
compounds are mixed type inhibitors. 
The noteworthy feature of these investigations is that the studied condensation products 
gave better performance as corrosion inhibitor in IN H2SO4 than in IN HCl. Similar observations 
were made by Muralidharan et al. [36-37]. These observations confirmed the predictions made by 
Schmitt [52] that S-containing inhibitors are primarily usefiil in sulphuric acid and N-containing 
inhibitors exhibit their good inhibition efficiency in hydrochloric acid. 
3.3.3 SCANNING ELECTRON MICROSCOPIC STUDIES 
Morphology of the mild steel surfaces after corrosion in the presence and absence of 
organic inhibitors (i.e.,CTS) was studied using SEM (Figure 3.3.4 ). It can be seen that the surface 
roughness of the mild steel appears lower with the additive than that in the solution without 
additive. This shows that the corrosion of mild steel in presence of CTS is inhibited. 
3.3.4 X-RAY DIFFRACTION STUDIES 
The X-ray diffraction pattern of the mild steel specimens immersed in test solutions with 
and without inhibitors are shown in Figure 3.3.5. The specimen immersed in IN HCl solution 
show only iron peaks corresponding to 20 values 44.7 ° and 64.9 ° But in the case of specimen 
immersed in IN HCl containing 500 ppm of CTS, various peaks [19] are noticed at lower angles 
(2 9 = 5.24 °, 5.49 °, 12.03 °) in addition to the low intensity of iron peaks indicating that a film of 
organic molecule is present on the metal surface. 
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3.3.5 AUGER ELECTRON SPECTROSCOPIC STUDIES 
Auger electron spectrum obtained for plain mild steel and mild steel exposed to IN HCl 
containing 500 ppm of CTS are shown in Figure 3.3.6. The appearance of peaks at 160 
and 382 eV respectively indicate the adsorption of CTS on the metal surface through S and N 
atoms. 
3.3.5 CONCLUSION 
The main conclusions obtained from this study are as follows: 
1. The condensation products showed excellent performance as corrosion inhibitors in both 
hydrochloric as well as sulphuric acid media. 
2. They inhibited the corrosion of mild steel in acid solution by adsorption mechanism and the 
adsorption of these compounds on the metal surface followed Temkin's adsorption 
isotherm. 
3. All of these compounds acted as mixed inhibitors in both the acids. 
4. They exhibited superior inhibiting action in H2SO4 than that in HCl. 
5. SEM studies show that corrosion of mild steel is inhibited in presence of CTS. 
6. XRD patterns indicate that the protection of the mild steel is due to adsorption of the 
organic molecules on the metal surface. 
7. AES studies confirm the adsorption of the condensation products through nitrogen and 
sulphur atoms. 
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Figure 3.3.2 Temkin's adsorption isotherms plots for the adsorption of various inhibitors in (a) IN HCl 
and (b) IN H2SO4 on the surface of mild steel. 
l.DTS; 2.\TS, 3.STS; 4.BTS; 5CTS 
Table 3.3.4 Electrochemical polarization parameters for the corrosion of mild steel in IN HCl and 
IN H2SO4 containing optimum concentration of various inhibitors at room temperature 
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Cone. 
(ppm) 
Blank 
DTS 
500 
VTS 
500 
STS 
500 
BTS 
500 
CTS 
500 
E 
(mV vs SCE) 
- 5 % 
-610 
-592 
-589 
-586 
-588 
IN HCl 
^corr 
(m.A.cm"^ ) 
0.350 
0.210 
0.100 
0.090 
0.022 
0.020 
I.E. 
(%) 
-
40.00 
71.43 
74.28 
93.71 
94.28 
IN H2SO4 
F 
• -COIT (mV vs SCE) 
-568 
-556 
-558 
-564 
-569 
-564 
tcOfT 
(m.A.cm'^ ) 
0.370 
0.033 
0.030 
0.017 
0.014 
0.008 
I.E. 
(%) 
-
91.08 
91.89 
95.40 
96.21 
97.83 
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( a ) 
( b ) 
Figure 3.3.4 Scanning electron micrographs for mild steel surface in 
absence and presence of inhibitor: 
(a) mild steel in IN HCl, and (b) mild steel in presence of 
CTS. 
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Figure 3.3.5 X-ray diffraction patterns for mild steel surface in IN HCl in absence and presence 
of inhibitor. 
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7n view of the reported high corrosion inhibitive properties of the condensation products of amines and aldehydes[53-60] a few dianils namely, l,4-di(dimethylaminobenzyledene)aminophenylene (DDAP), 1,4 
-di(vanillidene) aminophenylene (DVAP), 1,4 - di(salicyledene) aminophenylene 
(DSAP), l,4-di(benzyledene) aminophenylene (DBA?) and 1,4 - di(cinnamyledene) 
aminophenylene (DCAP) have been synthesized by condensing p-phenylenediamine 
with different aromatic aldehydes such as dimethylaminobenzaldehyde, vanillin, 
salicylaldehyde, benzaldehyde and cinnamaldehyde respectively. The influence of 
these dianils on the corrosion of mild steel in IN HCl and IN H2SO4 has been 
investigated by weight loss determination, electrochemical method and surface 
characterization by scanning electron microscope and X-ray diffraction techniques. 
The molecular structure and other details of the inhibitors studied for the present 
investigations are given in Table 3.4.1. 
3.4.1 WEIGHT LOSS STUDIES 
The values of percentage inhibition efficiency and corrosion rate obtained by 
weight loss method at various concentrations are given in Table 3.4.2. It has been 
found that inhibition efficiency of all of these compounds increases with increase in 
concentration. The maximum inhibition efficiency for each compound was achieved 
at 500 ppm. 
The results of the effect of inhibitor concentration, solution temperature and 
immersion times on inhibition efficiency of the dianils have been shown in Figure 
3.4.1. It is observed from these that: 
(i) the inhibition efficiency of all the dianils increases with the increase in 
concentration of inhibitors in both IN HCl and IN H2SO4. Maximum inhibition 
efficiency was achieved at a concentration of 500 ppm. 
(ii) the inhibition efficiency of all the investigated dianils decreases with increase 
in solution temperature from 35°C to 65°C. This phenomenon may be 
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Table 3.4.2 Corrosion parameters for mild steel in IN HCl and IN H2SO4 in absence 
and presence of different concentrations of various inhibitors from weight 
loss measurements at room temperature. 
Cone. 
(ppm) 
Blank 
DDAP 
25 
50 
100 
200 
300 
400 
500 
DVAP 
25 
50 
100 
200 
300 
400 
500 
DSAP 
25 
50 
100 
200 
300 
400 
500 
DBAP 
25 
50 
100 
200 
300 
400 
500 
DCAP 
25 
50 
100 
200 
300 
400 
500 
Weight loss 
(gm) 
112.70 
55.5 
35.0 
4.9 
3.9 
3.9 
2.2 
1.6 
88.9 
51.7 
14.5 
10.1 
7.4 
6.3 
5.0 
72.7 
29.1 
12.4 
9.9 
8.2 
7.2 
6.8 
21.60 
12.5 
7.4 
4.1 
3.5 
1.6 
1.0 
16.6 
6.8 
2.2 
1.7 
1.3 
0.9 
0.8 
IN HCl 
I.E. 
(%) 
-
50.75 
68.92 
95.59 
%.51 
96.76 
98.02 
98.60 
28.05 
54.13 
87.14 
90.98 
93.43 
94.41 
95.54 
35.46 
74.18 
89.02 
91.20 
92.71 
93.62 
93.98 
80.82 
88.84 
93.43 
96.31 
96.85 
98.54 
99.13 
85.21 
94.48 
98.02 
98.45 
98.83 
99.19 
99.26 
C.R. 
(mmpfy) 
62.80 
30.92 
19.50 
2.73 
2.17 
2.00 
1.22 
0.89 
49.45 
30.16 
8.08 
5.63 
4.12 
3.51 
2.78 
40.51 
16.21 
6.91 
5.51 
4.57 
4.01 
3.79 
12.03 
6.96 
4.12 
2.28 
1.95 
0.89 
0.55 
9.25 
3.45 
2.26 
0.94 
0.72 
0.72 
0.50 
Weight loss 
(gm) 
102.70 
17.7 
15.3 
9.8 
7.0 
4.6 
3.8 
3.1 
31.3 
29.9 
14.4 
10.4 
9.7 
7.2 
5.8 
33.81 
29.5 
14.6 
11.1 
9.8 
8.1 
7.5 
21.4 
16.1 
8.5 
5.8 
5.4 
3.2 
1.8 
10.9 
8.3 
2.72 
2.1 
1.1 
1.1 
1.0 
N H2SO4 
I.E. 
(%) 
-
82.74 
85.04 
90.38 
93.18 
95.53 
96.30 
96.98 
69.52 
70.84 
85.99 
89.81 
90.57 
92.92 
94.34 
67.10 
71.24 
85.80 
89.19 
90.47 
92.09 
92.70 
79.11 
84.26 
91.69 
94.30 
94.67 
96.81 
98.16 
89.30 
91.92 
97.38 
97.95 
98.89 
98.89 
99.04 
C.R. 
(mmpy) 
57.23 
9.86 
8.52 
5.46 
5.46 
2.56 
2.12 
1.72 
17.44 
16.66 
8.02 
5.79 
5.40 
4.01 
3.23 
18.83 
16.44 
8.13 
6.18 
5.46 
4.51 
4.18 
11.92 
8.97 
4.73 
3.23 
3.01 
1.78 
1.03 
6.07 
4.62 
1.50 
1.17 
0.61 
0.61 
0.56 
500 
Cone, (ppm) . .u,p. ^ ^ ; ^.^^^ ^^^^^^^ 
Figure 3.4.1 Variations of inhibition efficiency with (a) inhibitor concentration (b) 
solution temperature, (c) immersion time, in IN HCl and (a') inhibitor 
concentration, (b') solution temperature, (c') immersion time, in IN H^SO^ 
I. DDAP; 2. DVAP; 3. DSAP; 4. DBAP; 5. DCAP 
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attributed to the desorption of inhibitor molecules from the metal surface at 
higher temperatures. 
(iii) the inhibition efficiency of all the dianils except DSAP do not show any 
significant change with the increase in immersion time upto 6 hour. Inhibition 
efficiency of DSAP in IN H2OS4 increases with increase in immersion time. 
The values of E. and A G.ds are given in Table 3.4.3. It is found that the 
activation energy values of the inhibited systems are higher than those of the 
uninhibited systems, which indicate that inhibitors are effective at room temperature 
and their inhibition efficiency decreases with the increase in temperature [49]. The 
low and negative values of A Gads indicate the spontaneous adsorption of inhibitors 
on the mild steel [51,61]. The decrease in free energy of adsorption with increase in 
temperature suggests physical adsorption of the inhibitors on the mild steel. 
3.4.1.1 APPLICATION OF ADSORPTION ISOTHERIVI 
Surface coverage (0) values obtained from weight loss data were plotted 
against log C (ppm) thereby straight lines were obtained (Figure 3.4.2) suggesting 
that the adsorption of dianils on to the metal surface from both the acids follows 
Temkin's adsorption isotherm. 
The inhibition efficiency values of examined aromatic dianils at a common 
concentration of 400 ppm follows the order: 
DCAP > DBAP > DDAP > DVAP > DSAP 
The difference in inhibition efficiency of the studied inhibitors can be explained on 
the basis of their molecular structure [47]. 
Among the compounds investigated in the present study, DCAP has been 
found to give highest inhibition efficiency of >99% in both the acids. This can be 
explained on the basis of the presence of an additional (- C = C-) bond between 
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Table 3.4.3 Activation energy (Ea) and free energy of adsorption (AGads) for mild steel 
in IN HCl and IN H2SO4 in the absence and presence of various inhibitors 
Concentration 
(ppm) 
IN HCl 
DDAP 
DVAP 
DSAP 
DBAP 
DCAP 
IN H1SO4 
DDAP 
DVAP 
DSAP 
DBAP 
DCAP 
Ea 
(KCal/mol) 
11.31 
23.82 
30.54 
27.87 
28.21 
20.65 
11.20 
23.97 
23.31 
23.40 
22.60 
30.94 
35T 
-
9.02 
8.38 
8.06 
9.24 
9.39 
-
8.54 
8.22 
7.93 
8.77 
9.23 
-AGads 
(K.Cal/mol) 
45°C 55°C 
-
8.94 
8.09 
8.13 
9.03 
9.53 
-
8.54 
8.05 
7.90 
8.39 
8.67 
-
8.88 
7.76 
7.90 
9.08 
9.84 
-
8.55 
8.21 
8.06 
8.41 
8.72 
65T 
-
8.63 
6.66 
6.67 
8.43 
9.39 
-
8.03 
7.64 
7.25 
8.45 
8.08 
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Figure 3.4.2 Temkin's adsorption isotherms plots for the adsorption of various inhibitors in (a) IN HCl 
and (b) IN H2SO4 on the surface of mild steel. 
1.DDAP; 2.DVAP; 3.DSAP; 4.DBAP; 5 DCAP 
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carbon atoms in conjugation with azomethine (- C = N -) group. These 
extensively delocalised Ti-electrons favour greater adsorption on the metal surface as 
compared to other compounds. The lesser inhibition efficiency shown by DDAP, 
DSAP and DVAP as compared to DBA? may be attributed to the orientation of 
substituent groups, which prevent their flat orientation on the metal surface causing 
less 'adsorption thereby less inhibition. Similar explanation has been given by 
Rengamani et al [48] to explain the discrepancy in the order of inhibition efficiency 
for isomers of anisidines, while studying the inhibition of anions on the performance 
of anisidines as corrosion inhibitors for mild steel in acid solutions 
A noteworthy feature of the investigation is that the studied dianils gave 
better performance in IN HCl than in IN H2SO4. This can be explained by the fact 
that specific adsorption of the anions depends on the polarisability and the size of 
the ion. Heavily hydrated ions of smaller size are less specifically adsorbed than 
larger ions, which are devoid of hydration sheaths. It appears that the loss of 
hydration sheath at least in the direction of the metal surface is a necessary 
condition for specific adsorption [62]. The number of primary water molecules 
surrounding each ions is given below [63]. 
Ion 
I - ' 
B r ' 
C I ' 
F - ' 
SO4 "' 
No. of primary water molecule 
(n) 
0.3 
1.0 
1.6 
3.9 
11.0 
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Solvation number or primary hydration number is found to decrease, with the 
increase in ionic radius, and specific adsorption increases with ionic size and 
polarisability of the anion. In this respect chloride ions are more specifically 
adsorbed than sulphate ions. Stronger adsorption of chloride ions on the metal 
surface favours more adsorption of organic molecules as cations on the metal 
surface, leading to enhanced inhibition. Lesser specific adsorption of sulphate ion 
leads to lesser adsorption of organic molecules and less inhibition. Specifically 
adsorbed anions are known to increase synergistically the efficiency of corrosion 
inhibitors in acid solutions. 
According to Frumkin [64] and lofa [65] the increased adsorption of organic 
cations thereby more inhibition can be attributed to the changes of surface charge on 
the metal in the presence of halide ions. The metal at the open circuit potential, 
becomes negatively charged and cations are attracted by electrostatic forces to the 
metal surface. The extent of specific adsorption is more in the case of chloride ion, 
leading to more inhibition. According to lofa and Tomashova [66], the enhanced 
corrosion inhibition in HCl may be due to the fact that anions being specifically 
adsorbed, creates an excess negative charge towards the solution phase and favours 
the adsorption of cations. Murakawa and Hackerman [67] are of the view that the 
strong adsorption of organic molecule is not always a direct combination of organic 
molecule with the iron surface, but in some cases adsorption occurs, through the 
already adsorbed C l ' or SO4 '^  ions. If there are already adsorbed chloride or 
sulphate ions on the surfaces they will interfere with the adsorption of organic 
molecules. The lesser interference by SO4 '^ than by Cl ' ion emphasizes the weaker 
adsorption ability and there by lesser inhibition in H2SO4 solution. 
3.4.2 POTENTIODYNAMIC POLARIZATION STUDIES 
The potentiodynamic polarization curves of mild steel in the absence and 
presence of 500 ppm. concentration of dianils in IN HCl and IN H2SO4 are shown 
in Figure 3.3.3.Various electrochemical parameters such as Ecorr, Icorr and % I.E. 
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obtained from cathodic and anodic curves are given in Table 3.4.4. The results 
clearly brings out the fact that compounds under study bring down the corrosion 
current without causing any appreciable change in values of corrosion potentials 
suggesting that all the dianils are mixed inhibitors. Maximum decrease in Icorr was 
observed in case of DCAP (l,4-di(cinnamyledene) aminophenylene) indicating that 
DCAP is the most effective corrosion inhibitors among the studied organic 
inhibitors. 
3.4.3 SCANNING ELECTRON MICROSCOPIC STUDIES 
Morphology of the steel surface in the presence and absence of DCAP in 
IN HCl solution was studied using Scanning Electron Microscope (Figure 3.4.4) It is 
seen that the inhibited mild steel coupons are more smooth than uninhibited mild 
steel coupons. This shows that DCAP inhibit corrosion of mild steel in IN HCl.. 
3.4.4 X-RAY DIFFRACTION STUDIES 
The XRD pattern of the mild steel specimen immersed in tests solution in the 
absence and presence of 500 ppm of DCAP are shown in Figure 3.4.5. The specimen 
immersed in IN HCl solution show only iron peaks corresponding to 20 values 44.7° 
and 64.9°. But specimen immersed in IN HCl containing DCAP show peaks [19] at 
lower angles (26= 5.46 °, 9.56°) in addition to the low intensity of iron peaks, 
thereby suggesting the presence of inhibitor film on the mild steel surface. 
3.4.5 CONCLUSIONS 
1. All of the investigated dianils have been found to act as good corrosion 
inhibitors for mild steel in IN HCl and IN H2SO4 solutions, however, better 
performance has been observed in IN HCl. 
2. All of these compounds have been found to inhibit the corrosion of mild steel 
by getting adsorbed on to the metal surface. 
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3. Adsorption of these compounds on the mild steel surface has been found to 
obey Temkin's adsorption isotherm. 
4. All of these compounds have been found to behave as mixed type inhibitors. 
5. Surface characterization by SEM and XRD has also supported the formation of 
protective films of DDAP on the metal surface. 
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Table 3.4.4 Electrochemical polarization parameters for the corrosion of mild steel in IN HCl and 
IN H:S04 containing optimum concentration of various inhibitors at room temperature. 
Cone. 
(ppm) 
Blank 
DDAP 
500 
DVAP 
500 
DSAP 
500 
DBAP 
500 
DCAP 
500 
F 
(mV vs SCE) 
-596 
-594 
-585 
-616 
-598 
-592 
IN HCl 
*COIT 
(m.A.cm'^ ) 
0.350 
0.121 
0.178 
0.205 
0.053 
0.027 
I.E. 
(%) 
-
65.43 
49.01 
41.43 
84.83 
92.28 
INH2SO4 
t^COCT 
(mV vs SCE) 
-568 
-569 
-558 
-566 
-554 
-567 
icon-
(m.A.cm'^ ) 
0.37 
0.131 
0.160 
0.190 
0.064 
0.044 
I.E. 
(%) 
-
64.59 
56.75 
48.65 
82.70 
88.10 
aooi 0.01 ai IX) 
Current density (mA cm~ )^ 
10 100 
Figure 3.4.3 Potentiodyuamic polarization cur\ es for mild steel in (a) IN HCl and (b) 
INHSO^inthe absence and presence of various inhibitors at optimum 
concentration 
1. Blank; 2.DDAP; 3. DVAP; 4. DSAP; 5. DBA? and 6.DCAP 
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( a ) 
( b ) 
Figure 3.4.4 Scanning electron micrographs for mild steel surface in 
absence and presence of inhibitor: 
(a) mild steel in IN HCl, and (b) mild steel in presence of 
DDAP 
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Figure 3.4.5 X-ray diffraction patterns for mild steel surface in IN HCl in absence and presence 
of inhibitor: 
(a) IN HCl and (b) DCAP 
170 
REFERENCES 
1. S.K. Sinha, J. Oil Tech. Associ. India, 16 (1) (1984) 28-30. 
2. M. Gaber, M.M. El-Keirsh and M.A. El-Kemary, Egypt. J. Chem., 35 
(1992) 19 and references cited therein. 
3. C D . Danlatabad, A.M. Mirajkar and K.M. Hosamani, J. Oil Tech. Associ. 
India, 21 (2) (1989) 27. 
4. C.A. Lasusa, J. Am. Oil Chem. S o c , 61 (1984) 184. 
5. F.Szauer and A. Brandt, Electrochem. Acta, 26 (9) (1981) 1219. 
6. B.M. Badran, A.A. Abdel Fattah and A.A. Abdul Azim, Corrosion Science, 
22 (6) (1982) 513. 
7. B.M. Badran, A.A. Abdel Fattah and A.A. Abdul Azim, Corrosion Science, 
22 (6) (1982) 525. 
8. F. Hanna, G.M. Sherbini and Y. Brakat, Brit. Corros. J., 24 (2) (1989) 
269. 
9. R.G. Aitov, A.B.Shein, A.E. Lesnov, A.V. Radushev, Zashch. Metallov, 30 
(5) (1994) 548. 
10. I. Jericek, J. Vosta, J. Macak, J. Fikar and F. Liska, Proc. 8'*' Eur. Sym. 
Corros. Inhib., Ann. Univ., Ferrera, I taly, l (1995) 235. 
11. P.Li,T.C.Tan and J .Y.Lee,Corrosion,53(3) (1997) 186-194. 
12. M. Elachouri,M.S. Hajji, M. Salem, S. Kertit, J. Aride,R. Coudert and E. 
Essassi ,52(2)(1996)103. 
171 
13. B.V. Savithri and S.M. Mayanna,Ind.J. Chem. Technol ,3 (1996)256 . 
14. M.A. Quraishi, M.A. Wajid Khan, M. Ajmal, S. Muralidharan and S.V. 
Iyer, Corrosion, 53 (6) (1997) 475. 
15. S. Muralidharan, K.L.N. Phani, S. Ravichandran and S.V. K. Iyer, J. 
Electrochem. Soc. (USA), 142 (1995) 1478. 
16. T. Tsuru and S. Haruyama, B. Gijutsu, J. Japan. Soc. Corrosion Eng., 27 
(1978) 573. 
17. S.T.Hirozawa, Proc. 8"" Eur. Symp. Corros. Inhib, Ann University, Ferrara, 
Italy, 1 (1995) 25. 
18. M.A Quraishi , ; .Rawat and M.Ajmal, Corrosion, 54(12)(1998)996. 
19. J.Mathiarasu, N.Palaniswamy, P.Subramanian and N.S.Rengaswam, Bull. 
Electrochem., 14(4-5)(1998)145. 
20. D. Ghiran, I .Schwartz and I. Simiti, Farmacia, 22(1974) 141. 
21 . J.J Piala and H.L. Yale, U.S. Patent, 3141022 (1964). 
22. R.S. Sharma and S.C. Bahel, J.Ind. Chem. S o c , LIX (1982) 877. 
23. Z.Seeh, N.Goetz , E. Ammermann and E. H. Pommer, Ger. Patent , 2926280 
(1981). 
24. R.B. Pathak, B. Jahan and S.C. Bahel, Bokin Bobai, 8(1980) 149. 
25. K.F. Modi, N.H.J. Krishnakumar, A C . Padhya and S. Somasekhra, J. Ind. 
Chem. S o c , 54 (1977) 741. 
26. P.C. Wade, B.R. Vogt and T.P. Klissick, U.S. Patent, 4154841 (1979). 
27. D.A. Berges. Ger. Patent, 2742726 (1978). 
172 
28. G. Heubach, B. Sachse and H. Buerstell , Ger. Offen., 2, 826 (1980) 760. 
29. S.C. Bennur, V. B. Jigajinni and V.V. Badiger, Rev. Roum Chim., 21 (1976) 
757. 
30. El-Sayed H.El-Tamany, Mohy El-Din Abd El-Fattah, Ibrahim A. Ibrabim and 
Ezz EL-Din M.Salem, J. Ind. Chem. S o c , 74 (1997) 772. 
31 . M.A. Webb and John H. Parsons, Ger. Offen, 2, 653 (1977) 447. 
32. Z. Xu, S. Lau and P.W. Bohn, Langmuir, 9 ( 1 9 9 3 ) 9 9 3 . 
33. S.M. Sayed, E. A. Ashour and B.G. Ateya, Corrosion Science, 36(2) (1994) 
221 . 
34. K.Wippermann, J.W. Schultze, R. Kessel and J. Penninger, Corrosion 
Science, 32(2) (1991) 205. 
35. S. Vishwanathan and N.S. Rawat, Ind. J. Technol. , 31 (1993) 796. 
36. S. Muralidharan, M.A. Quraishi, S.V. Iyer, Portug. Electrochim. Acta, 11 
(1993) 255. 
37. S. Muralidharan, M.A. Quraishi and S.V K.Iyer, Corrosion Science, 37 (11) 
(1995) 1739. 
38. A.M.S. Abdennabi, A.I Abdul-Hadi, S.Abu-Orabi and H. Saricimen, 
Corrosion Science, 38 (10) (1996) 1791 
39. A.M.S. Abdennabi, A.I. Abdul-Hadi and S.Abu-Orabi, Anti-Corros. Met. and 
Mat., 54(2) (1998) 103. 
40. W. Machu, Proc. 3'^ Eur. Symp., Corros. Inhib, Ferrara, Italy (1971) 107. 
4 1 . T.P.Hoar and R.D.Holliday,J Applied Chem.,3(1953)502. 
173 
42. F.B. Growcock and V.R. Lopp, Corrosion, 44(4) (1988) 248. 
43 . W.W. Frenier, Corrosion /96 (1996), paper no. 152. 
44. M.W. Khalil, Mat. Werkstoff, 23(3) (1992) H I . 
45 . A. Singh, and R.S. Chaudhary, Brit. Corros. J., 31 (1996) 300. 
46. M.A. Quraishi, M.A.W. Khan, M. Ajmal, S. Muralidharan, and S.V Iyer, 
Brit. Corros. J., 32(1) (1997) 72. 
47. A. Akiyama, and K. Nobe, J. Electrochem. S o c , 117 (1970) 999. 
48. S. Rengamani, S. Muralidharan, M. Ganesan, and S.V.K. Iyer, Ind. J. Chem. 
Technol. , 1 (1994) 168. 
49. I.N Putilova,S.A. Balezin and U.P. Baranik, Metal Corrosion 
Inhibitors,Pergamon Press, New York (1960) 31 . 
50. F.Z. Cai and C. Ruihua, Physical Chemistry (2"'' edit.) Beijing, Ch. Educ. 
Press, (1985) 216. 
51 . G.K. Gomma, and M.H. Wahdan, Ind. J. Chem. Technol., 2 (1995) 107 
52. G.Schmitt, Brit. Corros .J . ,19(1984) 165. 
53. A. Raman and P. Labine (Ed) Review on Corrosion Inhibitors;Science and 
Application,Vol.I & II (1989 & 1994) 315. 
54. A.Cizek, Mat. Perf . ,33(1994)56. 
55. G. Turbina, N.E. Bredikhina, V.V. Pikulev and T.R. Chelyabinsk, Politekh 
Inst., 91 (1971) 61 . 
56. M.N. Desai, M B . Desai, C.B. Shah and S.M. Desai, Corrosion Science, 26 
(1986) 827. 
174 
57. S. Muralidharan, M A . Quraishi, and S.V.K. Iyer, ECS Ext. Abstr. , 93 (2) 
(1993) 85. 
58. M.A. Quraishi, M.A. Khan, M. Ajmal, S. Muralidharan, and S. Angappan, 
Portug. Electrochim. Acta.,13 (1995) 63. 
59. M.A. Quraishi, M.A.W. Khan, M. Ajmal, S. Muralidharan, and S.V. Iyer, 
Anti- Corros. Met. and Mat., . 43(2) (1996) 5. 
60. M.A. Quraishi, M. Ajmal, and S. Shere, Bull. Electrochem., 12(9) (1996) 
523. 
61 . N.C. Subramanyam and S.M. Mayanna, Corrosion Science,3(1985) 163. 
62. M.A.V. Devanathan, Trans. Far. S o c , 50 (1994) 373. 
63. T.N. Anderson and J O'M Bockris, Electrochim. Acta, 9 (1964) 347. 
64. A.N. Frumkin, Vestn. Mosk. Gos. Univ., 9 (1952) 37. 
65. Z.A. lofa and G.N. Vestn. Mosk. Gos. Univ., 12 (1956) 139. 
66. Z.A. lofa and G.N. Tomashova, Zh. Fig. Khim., 34 (1960) 1036. 
67. T.Murakawa and N. Hackerman,Corrosion Science,4(1964)387. 

175 
^ ^ ^orrosion is a major problem in several industries. Both direct and 
i indirect losses due to corrosion are large and will further increase 
^ ^ - ^ with industrialisation. One of the most important considerations in 
any industry today is the reduction in overall costs of the equipment as well as 
the cost in their protection and maintenance. In India, the monetary losses due to 
corrosion have been estimated as high as Rs. 25,000 crores per year. 
Among the available methods of preventing corrosion, the use of inhibitors 
is one of the most promising methods. Due to ease of application and cost 
effectiveness, the use of inhibitors has increased manifold during the past several 
years. The plant operations of vast magnitudes are dependent upon their 
successful application. But, "one size fit all" philosophy does not work well for 
corrosion inhibitors. Each inhibitor must be tailored to the specific corrosion 
problem that needs solutions. 
Mild steel is one of the most important engineering metals, which due to its 
low cost and excellent mechanical and physical properties is widely used as a 
construction material. But it is severely attacked in acid solution, as it usually 
comes in contact with hydrochloric acid and sulphuric acid during pickling, 
industrial acid cleaning, oil and gas well acidizing, acid descaling and in many 
other industrial/chemical process. Inhibited acid solutions are commonly used to 
prevent metal dissolution as well as acid consumption. 
The research work embodied in the present thesis deals with the study of 
some oxygen, nitrogen and sulphur containing organic compounds as corrosion 
inhibitors for mild steel in IN HCl and IN H2SO4. The techniques such as weight 
loss, potentiodynamic polarization, electrochemical impedance, scanning electron 
microscopy. X-ray diffraction and Auger electron spectroscopy have been used in 
these studies on corrosion inhibition. 
The thesis comprises of three chapters. The first chapter presents a general 
introduction, which highlights the economic and technological importance of 
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corrosion. Theories of corrosion have also been described, which help in 
understanding the mechanism of corrosion. Special attention has been given to 
explain the mode of action of inhibitors towards corrosion control. The account 
of various techniques used for investigating corrosion inhibitors has been 
discussed briefly. A survey of the literature on the corrosion inhibitors for mild 
steel in acid solutions has been given. The aims and objectives have also been 
mentioned. 
The description of inhibitor synthesis and the details of experimental 
techniques such as weight loss, potentiodynamic polarization, a.c. impedance, 
scanning electron microscopy. X-ray diffraction techniques and Auger electron 
spectroscopy used in these studies are given in Chapter second. 
The third chapter describes discussion of results obtained from these 
studies. The compounds examined in the present investigation are given in Table. 
Their inhibiting action has been discussed separately in the following four 
sections. 
(i) Acyclic oleochemicals as corrosion inhibitors 
(ii) Heterocyclic oleochemicals as corrosion inhibitors 
(iii) Condensation products of thiosemicarbazide and aromatic aldehydes as 
corrosion inhibitors. 
(iv) Dianils of p-phenylenediamine as corrosion inhibitors 
The results of these investigations revealed that all the acyclic 
oleochemicals inhibit the mild steel corrosion effectively in IN HCl and IN 
H2SO4. Among the studied acyclic oleochemicals, the thiosemicarbazides of fatty 
acids showed better inhibition efficiency than the corresponding hydrazides of 
fatty acids. The higher inhibitive performance of thiosemicarbazides of fatty acids 
may be attributed to the presence of an additional -C = S group and a benzene 
ring 4^ compared to hydrazides. 
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Among the heterocyclic oleochemicals, the triazole derivatives of fatty acid 
showed better inhibition efficiency than oxadiazole derivatives of fatty acid. The 
superior performance of triazoles as compared to oxadiazole derivatives can be 
attributed to the presence of an additional benzene ring and 3 nitrogen atoms as 
compared to oxadiazoles which possesses two heteroatoms (O and N) only. 
Among the three different types of fatty acids used viz. undecenoic acid, 
oleic acid and lauric acid, the inhibitors bearing undecenoic acid gave highest 
inhibition efficiency which may be attributed to more coverage of metallic surface 
by undecenoic acid as compared to other fatty acids 
The order of inhibition efficiency of condensation products derived by the 
reaction of thiosemicarbazide with different aromatic aldehydes in both the acid 
solutions at a common concentration of 300 ppm was found to be as follows: 
CTS > BTS > STS > DTS > VTS 
Among the condensation products investigated in the present study, CTS 
has been found to give the best performance as corrosion inhibitor. This can be 
explained on the basis of the presence of an additional - C = C - bond in 
conjugation with azomethine (-C = N-) group. The extensively delocalised TI-
electrons favour its greater adsorption on the metal surface thereby giving very 
high values of inhibition efficiency (> 99%) at a concentration as low as 300 ppm. 
The I.E. values of the dianils synthesized by the condensation of p-
phenylenediamine with various aromatic aldehydes at a common concentration of 
400 ppm in IN HCl and IN H2SO4 follow the order: 
DCAP > DBAP > DDAP > DVAP > DSAP 
The best performance shown by DCAP can be explained on the basis of 
presence of an additional Tc-bond between carbon atoms (-C = C -) in conjugation 
with azomethine (-C = N-) group. The substituents present in DDAP, DSAP and 
DVAP molecules prevented the flat orientation of the inhibitor molecules on the 
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metal surface thereby causing less adsorption and less inhibition efficiency as 
compared to DBAP 
The effect of inhibitor concentration, solution temperature and immersion 
time on I.E. of all the investigated compounds has also been studied. The 
following conclusions have been drawn: 
(i) I.E. of all the compounds increased with increase in inhibitor concentration. 
Maximum IE of all the oleochemicals was achieved at 500 ppm, while in the 
case of condensation products of thiosemicarbazide and aldehydes and 
dianils the maximum I.E. was achieved at 300 ppm and 400 ppm 
respectively, and a further increase in concentration did not cause any 
appreciable change in I.E. 
(ii) I.E. of the studied organic compounds except UAMT, VTS, and CTS 
decreased with increase in solution temperature form 35°C to GS^ C 
Inhibition efficiency of UPTS in IN H2SO4 remained almost unchanged with 
the increase in temperature, whereas the inhibition efficiency of UAMT, 
VTS and CTS in IN HCl increased with increase in solution temperature 
from 35°C to 65°C. 
(iii) I.E. of most of the studied organic compounds did not show significant 
change with increased in immersion time from 2- 4 hours. I.E. of fatty acid 
hydrazides except OAH in IN HCl and UAH in both IN HCl and IN H2SO4 
decreased with increase in immersion time, whereas, I.E. of all the 
oxadiazoles of fatty acids increased with increase in immersion period from 
2-6 hors. 
The E, values for all the inhibited systems except for UAMT, VTS & CTS 
was found to be higher than the uninhibited system. The higher value of E, in 
presence of inhibitors than the uninhibited systems showed that inhibitors are 
effective at room temperature and I.E. decreased with increase in temperature. 
The values of free energy of adsorption (AGads) for all the compounds at 
different temperatures (3 5° C - 65° C) were also calculated. The decrease in AGads 
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with increase in temperature was observed. This indicated that adsorption of 
inhibitors on to the mild steel surface occurs through physical forces. 
The adsorption behaviour of all the organic molecules on the mild steel 
surface was evaluated by fitting the various data obtained from weight loss study 
to various adsorption isotherms. All the inhibitors obeyed Temkin's adsorption 
isotherm. 
The potentiodynamic polarization studies were carried out at room 
temperature. The polarization behaviour of different series of compounds in both 
hydrochloric and sulphuric acid were studied. All the compounds were found to 
be of mixed type inhibitors except HAMT, which showed predominantly cathodic 
behaviour in hydrochloric acid. 
Selected compounds were studied through a.c. impedance technique in IN 
HCl solution. The values of Rt and Cai were evaluated from Nyquist and Bode 
plots respectively. All the studied compounds showed increased Rt values and 
decreased Cai values in hydrochloric acid solution. 
The better appearance of mild steel surface in inhibited acid solutions than 
in plain acid solutions as evident from Scanning electron microscopic (SEM) 
studies further supported the fact that inhibitors molecules form a physical barrier 
over the steel surface which prevents the attack of corrosive acidic solutions on 
the steel surface. X-ray diffraction (XRD) studies also supported the presence of 
organic layer on the metal surface. The adsorption of inhibitor molecules on the 
metal surface occurred through heteroatoms such as N,S and O atoms was 
confirmed by AES. 
Table 1 Name and structures ofthe compounds used. 
180 
S.No. 
1 
2 
3 
4 
5 
6 
7 
8 
9 
Strtucture 
0 
CH3-(CH,).„-C-NHNH^ 
0 
II 
CH3-(CHj),-CH=CH-(CHj)^-C-NH >fH^ 
0 
II 
CH,= CH-(CH,)g - C - NH hfH^ 
O S y = , 
II II / \ 
CH,-(CH,),„-C-NH NH-C-NH—^^ h 
O S y = v 
CH3-(CHj),-CH=CH-(CH,),-C-NHNH-C-NH—^^ \ 
II II r ^ \ CHj=CH - (CHj),-C-NHNH-C-NH —L \ 
N >I 
A JI 
CH3-(CH^),„^^0^^SH 
N N 
A X 
CH3-<CH,)-CH = CH- ( C H ^ ) ; ^ O ^ ^ S H 
N — ^ f 
CH^^ CH- (CH2)g '^0 '^^SH 
Designation 
& abbreviation 
Laurie acid 
hydrazide(LAH) 
Oleic acid 
hydrazide (OAH) 
Undecenoic acid 
hydrazide (UAH) 
l-Undecane-4-phenyl-
thiosemicarbazide 
(UPTS) 
l-Heptadecene-4-phenyl-
thiosemicarbazide 
(HPTS) 
l-Decende-4-phenyl-
thiosemicarbazide 
(DPTS) 
2-Undecane-5-mercapto- 1-oxa-
3,4-diazole 
(UMOD) 
2-Heptadecene-5-mercapto- '-oxa 
•3,4--diazole 
(HMOD) 
2-Decene-5-mercapto- 1-oxa-
3,4-diazole 
(DMOD) 
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S.No. Strtucture 
Designation 
& abbreviation 
10 
11 
12 
14 
15 
CH3-(CH,) SH 
3-Undecance-4-aryl-5-mercapto-
1,2,4-trizoIe 
(UAMT) 
3-Heptadecene-4-aiyl-5-mercapto-
1,2,4-triazole 
(HAMT) 
CH,= CH-(CH,), 
N hi 
SH 
3-Deceiie-4-aiyl-5-mercapto-
1,2,4-triazole 
(DAMT) 
NH^-C-NHN 
^^—' CH, 
c OH 
NHj-C-NHN = Cfr-4^ y ^ O C H j 
HO 
NH2-C-NHN=CH—^^ ^ 
S 
II 
1-Dimethyl aminobenzaldehyde 
thiosemcarbazone 
(DTS) 
1-Vanillin thiosemicarbazone 
(VTS) 
1-Salicylaldehyde thiosemicar-
bazone 
(STS) 
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S.NO. 
16 
17 
18 
Strtucture 
Designation 
& abbreviation 
NH2-C-NHN=CH—^^ h 
NH,-C-NHN = CH-CH=CH-/ \ 
f=\ / \^Q_C„=NHQ)_N=CH^\ /^N 
.CH, 
\JJ \ CH, 
19 
20 
21 
22 
HO OH 
H , C O - ^ ^ H C = N - / \ _ N = C H - ^ ^ O C H , 
OH HO 
Q - H C = K - < Q > - N = C H - ^ 
^ ^ H C = HC-HC = N-./~A.N=CH-CH = C H - ^ ^ 
l-Benzaldehyde thiosemicar-
ba230ne 
(BTS) 
l-Cinnamaldehyde thiosemicar-
bazone 
(CTS) 
1,4-Di (dimethyl aminobenzyledene) 
aminophenylene 
(DDAP) 
1,4-Di (vanilledene) aminophenylene 
(DVAP) 
1,4-Di (salicyledene) aminophenylene 
(DSAP) 
1,4-Di (benzyledene) aminophenylene 
(DBAP) 
1,4-Di (cinnamyledene) aminopheny 
lene 
(DCAP) 
